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[1] Transform motion along oceanic transforms
generally occurs along narrow faults zones. Another
class of oceanic transforms exists where the plate
boundary is quite large (~100 km) and includes
several subparallel faults. Using a 2-D numerical
modeling, we simulate the slip distribution and the
crustal stress field geometry within such broad oceanic
transforms (BOTs). We examine the possible
configurations and evolution of such BOTs, where
the plate boundary includes one, two, or three faults.
Our experiments show that at any time during the
development of the plate boundary, the plate motion is
not distributed along each of the plate boundary faults
but mainly occurs along a single master fault. The
finite width of a BOT results from slip transfer through
time with locking of early faults, not from a permanent
distribution of deformation over a wide area. Because
of fault interaction, the stress field geometry within the
BOTs is more complex than that along classical
oceanic transforms and includes stress deflections close
to but also away from the major faults. Application of
this modeling to the 100 km wide Tjornes Fracture
Zone (TFZ) in North Iceland, a major BOT of the Mid-
Atlantic Ridge that includes three main faults, suggests
that the Dalvik Fault and the Husavik-Flatey Fault
developed first, the Grismsey Fault being the latest
active structure. Since initiation of the TFZ, the
Husavik-Flatey Fault accommodated most of the plate
motion and probably persists until now as the main
plate structure. Citation: Homberg, C., F. Bergerat, J. Angelier,
and S. Garcia (2010), Fault interaction and stresses along broad

oceanic transform zone: Tjornes Fracture Zone, north Iceland,
Tectonics, 29, TC1002, doi:10.1029/2008TC002415.

1. Introduction

[2] Geophysical investigations of the oceanic floors have
emphasized that spreading ridges, separating both fast and
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slow divergent plates, commonly show en echelon distri-
bution [e.g., Lonsdale, 1989; Sempéré et al., 1995; Small et
al., 1999; Bandy and Hilde, 2000]. The linkage between
two offset ridges may evolve through overlap between ridge
segments or through sliding along transform fault. Large
efforts have been done to understand the necessary con-
ditions for development of transform faults. Several mech-
anisms has been advanced involving old continental
weakness zones [Wilson, 1965], upper mantle negative
thermal anomalies [Bonatti, 1996] or stress concentration
[Pollard and Aydin, 1984; Gudmundsson and Homberg,
1999].

[3] Most oceanic transforms are narrow fault zones and
are typically 10—30 km wide [Fox and Gallo, 1986]. Some
of them escape this rule, being much wider. This is the case
of the Romanche (Mid-Atlantic Ridge), Andrew Bain
(Southwest Indian ridge) and Tjdrnes fractures zones
(Mid-Atlantic Ridge), with widths up to hundreds kilo-
meters. Such broad oceanic transforms (BOTs) are thought
to develop in an abnormally thick and cold lithosphere
[Mauduit and Dauteuil, 1996; Ligi et al., 2002]. The
mechanism of the BOTs is poorly understood and major
ambiguities exist. To understand the development of such
zones, crucial questions can be addressed as follows. (1) Do
the individual faults of the BOTs represent permanent major
plate boundary structures with equivalent slip rates, or does
a master fault absorb most of the plate motion and occa-
sionally triggers slip on the other faults? (2) What are the
factors responsible for the complex stress state along the
BOTs? (3) Why do strike-slip and transform-parallel normal
faults [Ligi et al., 2002] coexist in the BOTSs, as they also do
in more common oceanic transforms [e.g., Fox and Gallo,
1986; Gudmundsson, 1993; Dziak et al., 2000]?

[4] To help answering these questions, this paper presents
a numerical modeling that helps to understand the evolution
of the Tjornes Fracture Zone (TFZ), a typical BOT of the
northern Mid-Atlantic Ridge. We show that the faulting
pattern in the crust controls the stress state and the slip
distribution along the individual faults of the TFZ. Our
model also suggests that distributed strike slip is not a long-
lived mechanism; the finite width of a BOT results from slip
transfer through time with locking of early faults, rather
than from a permanent distribution of deformation over a
wide area.

2. Tjornes Fracture Zone
2.1. Oceanic Fracture Zone

[5] The Tjornes Fracture Zone (TFZ), a major transform
fault of the Mid-Atlantic Ridge (Figure 1), is approximately
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Figure 1. Main structures of the Tjornes Fracture Zone
(TFZ). Thin solid lines denote faults inferred from seismic
reflection or observations on land. Barbed lines denote
faults with significant vertical movement. Thick solid lines
with single bar indicating dip direction denote active strike-
slip faults, some of them showing moderate vertical
movement (see text for details). Dashed lines denote trend
of the Dalvik Fault (DF), Husavik-Flatey Fault (HFF), and
Grimsey Fault (GF). White dots denote earthquakes. NVZ,
KR, TFZ, and RR are Northern Volcanic Zone, Kolbeinsey
Ridge, Tjornes Fracture Zone, and Reykjanes Ridge,
respectively. Thin lines in the NVZ indicate limits of
volcanic zones. TrP, FP, TP, Trollaskagi, Flateyjarskagi, and
Tjornes peninsulas. Faults and earthquakes are after
McMaster et al. [1977], Rognvaldsson et al. [1998], and
Dauteuil et al. [2002]. Inset shows the plate configuration
with plate separation after DeMets et al. [1994].

120 km long and 70 km wide oceanic fracture zone. It
trends WNW—ESE (N120°E), thus being oblique at angle
of 10—15° with the N107°E direction of plate divergence
[DeMets et al., 1994]. The TFZ connects the offshore
Kolbeinsey ridge to the onshore rift of Northeast Iceland
(Figure 1). Spreading across the Kolbeinsey ridge began
between 24 Ma [Vogt et al., 1980; Kodaira et al., 1998] and
9.5 Ma [Gronlie et al., 1979]. However, the development of
the TFZ as a right-lateral transform zone is younger because
the present-day locus of accretion in Northern Iceland along
the Northern Volcanic Zone results from an eastward jump
of the Icelandic rift at about 7—9 Ma [Saemundsson, 1974].
Recent radiometric dating assigned a maximum age of
8.5 Ma to this rift jump [Garcia et al., 2003], which is
thought to be related to the westward displacement of the
plate boundary with respect to the Icelandic hot spot [Burke
et al., 1973]. The large width of the TFZ may be explained
by the high regional heat flow and low strength of the
lithosphere due to the occurrence of the hot spot [Dauteuil
et al., 2002].

[6] Oceanic accretion in Iceland occurred simultaneously
along the Skagafjordur paleorift to the west and the North-
ern Volcanic Zone to the east between 8 and 8.5 to 3 Ma
[Garcia et al., 2003], thus rift jump cannot be considered
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instantaneous. Dikes being 8.1 + 0.7 Myr old, strike parallel
to the TFZ suggesting the TFZ already existed at this time.
It is thus likely that the TFZ appeared between 8.5 and 8 Ma
that is since the beginning of the rift jump. The average
opening rate of the Kolbeinsey ridge since 12—13 Ma is
2 cm/yr [Vogt et al., 1980], a value close to the present-day
rate of opening across the Icelandic rift of 1.8 cm/yr
[DeMets et al., 1994]. Accretion along the Northern Volca-
nic Zone was first asymmetrical with a deficit on the
western side [Garcia et al., 2003]. As a consequence, it is
likely that the slip rate along the TFZ was much less than
2 cm/yr at the beginning of the transform activity, and later
progressively increased up to its present-day value.

2.2. Major Structures of the TFZ

[7] Most of the seismic activity in Northern Iceland
occurs in the TFZ. Earthquakes along the TFZ may reach
magnitude of 7.1 and their maximum 10—12 km depth
decreases close to the ridge axis [Einarsson, 1991;
Régnvaldsson et al., 1998]. The earthquake distribution
reveals three active lineaments or fault zones, which are
from north to south the Grimsey fault (GF), the Husavik-
Flatey Fault (HFF) and the Dalvik Fault (DF). The Dalvik
Fault is by far less active than the other two lineaments
(Figure 1). The GF, HFF, and DF strike N132°E, N122°E,
and N117°E, respectively. In details, the Grimsey and
Dalvik lineaments mainly consist of en échelon N—S left-
lateral seismic faults, whereas the displacement along the
N122°E Husavik-Flatey fault occurs on WNW—ESE dex-
tral faults [Régnvaldsson et al., 1998]. Small grabens
running along the onshore and offshore trace of the HFF
[Johnsson, 1974; Saemundsson, 1974; Flovenz and
Gunnarsson, 1991; Garcia and Dhont, 2005] and the
presence of significant normal component of seismic fault
motion along the GF [Rognvaldsson et al., 1998] indicate
limited extension within the TFZ (Figure 1). These grabens
are generally interpreted in terms of fault wedge or pull-
apart basin related to strike-slip fault tectonic activity
[Riedel et al., 2001]. NNW—SSE normal faults are also
well developed between the HFF and the GF [McMaster et
al., 1977; Riedel et al., 2001]. Despite this complexity, and
although fault offset data are few because most of the
transform zone is located offshore, geological evidence
leads to consider the TFZ as a genuine right-lateral transform
fault zone, not an overlapping spreading center between two
rifts segments. First, pull-apart basins between right-stepping
fault segments and push-up structures between left-stepping
segments clearly indicate the strike-slip nature of the 10 km
long onland trace of the HFF and its right-lateral sense of
motion [e.g., Garcia and Dhont, 2005]. Second, the focal
mechanisms of earthquakes indicate dominant strike-slip
components of motion along the DF, HFF, and GF, and a
present-day stress regime of prevailing strike-slip type
despite complexity [Garcia et al., 2002; Angelier et al.,
2004].

[8] Because of the absence of clear geological marker,
whether the DF, HFF, and GF developed simultaneously or
not still remains unknown. Regarding the slip amount along
each of these three faults, the HFF, which is generally
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regarded as the main plate boundary structure of the TFZ, is
marked onland as a geomorphological feature over a
distance of 25 km across the Tjornes peninsula and by a
3-5 km wide zone of intense deformation [e.g., Fjdder et
al., 1994; Garcia and Dhont, 2005]. The minimum cumu-
lative right-lateral slip along the HFF is 5—10 km or 20 km
and may be as large as 60 km [Saemundsson, 1974; Young
et al., 1985] whereas its vertical displacement is larger than
200 m and may reach 1400 m [Gudmundsson et al., 1993].
The DF is thought to have absorbed little displacement
because of its discrete onland expression. The GF, which is
almost exclusively an offshore structure, shows a significant
present-day seismic activity.

3. Stress Distribution in the Tjornes Fracture
Zone

[9] In this section, we describe the modern and past stress
fields along the TFZ based on the inversion of earthquake
focal mechanisms [Garcia et al., 2002; Angelier et al.,
2004] and fault-slip data collected in lava piles at least
7 Myr old [Bergerat et al., 1990, 1992; Angelier et al.,
2000; Bergerat et al., 2000; Garcia et al., 2002]. The stress
data will be later compared with the results of numerical
modeling. We then examine the relation between this stress
field and the main tectonic features of the TFZ.

3.1. Modern Stresses

[10] The first-order modern stress state of the TFZ was
obtained through a global inversion of all earthquakes
recorded within the TFZ between 1991 and 1999 [4ngelier
et al., 2004]. 67% of the earthquakes correspond to a strike-
slip regime with the maximal horizontal stress (Sgmax)
trending N155°E and the minimal horizontal stress (Sgmin)
trending NO65°E. The remaining earthquakes belong to a
second, minor, strike-slip regime with Sy striking
NO60°E. The minor regime is not directly representative
of the main activity of the TFZ and probably derived from
the main one through principal stress permutation. Focusing
on the main regime, Angelier et al. [2004] found that within
the TFZ Symin trends at an angle of 40° with respect to the
direction of plate divergence, which led them to conclude
that stresses may be severely deflected along major trans-
form faults like the TFZ.

[11] The modern stress trajectories within the TFZ are not
known, but comparison between the global inversion of
Angelier et al. [2004] and the local inversion of Garcia et
al. [2002] suggests that stresses vary within the plate
boundary. By selecting the 1995—1997 earthquakes within
a 70 x 30 km box around the HFF, Garcia et al. [2002]
showed that the mechanisms driving faulting near the HFF
are complex and include a variety of substates of stress
(Figure 2c). First, both strike slips and normal slips coexist,
although the first ones represent 70% of the seismic activity.
Second, accounting for all earthquakes requires more than a
single stress state, which reveals heterogeneity in the stress
field within the selected crust volume. The inversions
revealed significant variation in the Sp.x azimuth within
the range between N130°E and N170°E. Among the normal
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focal mechanisms, 26% reflect a previously undetected
normal stress regime with Syn.. trending NO30°E—
NO40°E, a direction almost perpendicular to the trend of
the HFF.

[12] Whereas the modern stresses along the HFF are
rather well constrained, less information is available for
the other two faults, DF and GF. Relocalization of earth-
quakes along the GF showed left-lateral slip on N—S faults
[Rognvaldsson et al., 1998]. Although a stress state cannot
be reconstructed based on the sole consideration of such
faults, this observation suggests that Spyn.x is deviated
anticlockwise relative to the N—S direction expected from
plate divergence, and thus should trend approximately
NW-SE. Determining the accurate geometry of the modern
crustal stress field within the TFZ would require to define a
gridding scheme of the TFZ with boxes in which the stress
field is homogeneous and to perform an inversion in each
box. Such a study has not been done up to now. However,
the following aspects of the present-day seismotectonic
stress regimes within the TFZ emerge from existing studies
and the present analysis:

[13] 1. The modern stresses are heterogeneous, as illus-
trated by the difference between the stresses deduced from
the inversion of the whole seismicity in the TFZ [4ngelier
at al., 2004] and the local reconstruction [Garcia et al.,
2002].

[14] 2. A large number of earthquakes indicate a NNW—
SSE to NW-SE trending Syjax-

[15] 3. At a local scale within the central part of the TFZ,
Shmax 18 clearly deflected both anticlockwise and clockwise,
presumably as an effect of perturbations around major
faults. These deflections result in local stress states with
Stimax trending N145°E and NO35°E on average. These
oblique stress azimuths have been clearly evidenced around
the HFF, but may exist elsewhere.

3.2. Paleostresses and Tectonic Structures of the TFZ

[16] The past TFZ stress field is known from inversion of
secondary faults affecting lavas that are at least 7 Myr old
[Bergerat et al., 1990, 1992; Angelier et al., 2000; Bergerat
et al., 2000; Garcia et al., 2002]. To perform statistical
analysis of the paleostress results, we gathered all this brittle
tectonic information within a single database including a
total of 287 stress tensors. Examining the trend distribution
of stress axes leads us to present the following conclusions.
First, the range of Syg.x azimuths is wide (Figure 2a).
Moreover, some stress tensors (32.3%) exhibit trends that
cannot induce dextral shear along the TFZ. Bergerat et al.
[2000] concluded that these TFZ-incompatible stress states
are derived from the TFZ-compatible ones trough permuta-
tion of the principal stress axes. Because we are interested
on stresses responsible for the TFZ activity, we do not focus
on these stress permutations. Discarding these ‘abnormal’
stress states to concentrate on the major ones, the four main
peaks of Syymax azimuths are N000°—010°E (18%), N120°—
130°E (13%), N170°-180° (16%) and N020°-030°E
(14%). 74% of the data show anticlockwise deviation of
Shamax trends relative to the N010°—020°E trend that could
be expected from plate divergence, whereas 14% show
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Shimax, normal faults Paleostressg__s

Modern
stresses

Sh‘ma:, all faults

Figure 2. Paleostresses and modern stresses along the TFZ. (a and b) Maximal horizontal stress Sgmax
inferred from inversion of fault-slip data. Trends of dikes and trace of normal faults in the Flateyjarskagi
peninsula [Young et al., 1985] are also shown. (¢) (Symax) from focal earthquakes inversion. Rose
diagrams illustrate the Sy,ax directions for stress states compatible with the right-lateral slip on the TFZ.
Frequency in the direction is weighted with the number of faults. TrP and FP, Trollaskagi and
Flateyjarskagi peninsulas. Modern stresses are from Garcia et al. [2002], and paleostresses are from
Bergerat et al. [1990, 1992, 2000], Angelier et al. [2000], and Garcia et al. [2002].

clockwise deviation. Treating separately strike-slip and
normal regimes, the most important rotations of Symax
trends are found in the normal fault population, with 17%
of the normal fault motions resulting from a N020°—-030°E
Sumax, Whereas 18% result from a N120°—130°E Symax.
These two major deviations are clockwise and anticlock-
wise, respectively, relative to the NO17°E trend of Syax
expected from simple consideration of the plate divergence
direction (N107°E). The deviated trends correspond to
maximal principal stresses Symax almost perpendicular and
parallel to the mean strike of the TFZ, respectively.

[17] A major difficulty while correlating paleostress
states inferred from fault-slip data with the development
of the TFZ is that the exact ages of the reconstructed

paleostress states are unknown (within the bounds issued
from the ages of the affected lava). However, the compar-
ison between the paleostresses and the rift structures helps
to formulate hypotheses. Fissures, dikes and normal faults
along the Northern Volcanic Zone trend between N170°E
and NO10°E. If the Syax directions within this range are
discarded because they could result from rifting tectonics,
the remaining major peaks of Sgyax Would trend 020°E—
030°E (22%), 120°E—130°E (19%), and 160°E—-170°E
(18%). Stress states with Sy almost parallel and perpen-
dicular to the mean strike of the TFZ will thus account for
more than 40% of the data.

[18] In order to identify the stress states that reflect the
dextral shear along the TFZ, we compared the paleostress
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Figure 3. Model of the TFZ. The Kolbeinsey ridge (KR)
and Northern Volcanic Zone (NVZ) are weak elastic strips
with v, Poisson ration and E, Young modulus, embedded in
a strong elastic medium with v; Poisson ratio and E; Young
modulus. An in situ stress of 5 MPa simulates the horizontal
component of the lithostatic stress field at ~600 m depth.
The Dalvik (DF), Husavik-Flatey (HFF), and Grimsey (GF)
faults follow a Mohr-Coulomb behavior with a y friction.
Lateral boundaries are moved away to simulate plate
separation.

states with the major structures of the TFZ. A detailed study
of these structures in the southern part of the TFZ has been
conducted by Young et al. [1985]. These authors provided a
detailed map of the dikes and normal faults within the
eastern part of the block between the DF and HFF, in the
Flateyjarskagi peninsula (Figure 2a and 2b). The direction
of dikes and normal faults provides a rough estimate of the
SHmax Orientation. Dikes and normal faults draw a progres-
sive clockwise rotation when approaching the HFF and thus
reflect a curved stress field. Young et al. [1985] and Jancin
et al. [1995] suggested that this change in the dike trend
results from an increasing clockwise block rotations induced
by dextral shear along the HFF. Although block rotations
may exist, they cannot provide a viable mechanism to
explain the variety in the dike strikes. For instance, near
the HFF, dikes that trend almost perpendicular and dikes
almost parallel to the HFF have the same 8 Ma age.
Although local small block rotation may induce a bias, we
regard the variety in dikes and faults strikes as the signature
of a heterogeneous stress field, as previously claimed by
Fjdder et al. [1994] and Bergerat et al. [2000].

[19] Dikes and normal faults mapped by Young et al.
[1985] suggest that the stress field in the Flateyjarskagi
peninsula is curved and discontinuous. From South to
North, the Sy direction progressively deflected from a
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N-S direction to a NNE—SSW direction when approaching
the HFF. An abrupt change in stress directions occurs
somewhere within the HFF, so that Sy« strikes WNW —
ESE. Significantly, dikes that trend perpendicular and
parallel to the HFF are both present along the fracture zone
(Figure 2). It is quite remarkable that these two Syj,ax trends
resemble the NNE—SSW and NW—SE Sp,,,..x inferred from
fault-slip data inversion. They are thus likely representative
of the stress states near the HFF. Because of the 8 Ma age of
fault-parallel and fault-perpendicular dikes, we conclude
that this stress field geometry characterized the very early
history of the TFZ.

[20] In the northern part of the TFZ there is a dire lack of
data, mainly because of its offshore location. However, a
counterclockwise rotation of the rift fissure swarm, from
N178°E to N160°E [Bdckstrom and Gudmundsson, 1989]
certainly exists when passing from South to North the
junction between the GF and the Northern Volcanic Zone.
This deflection suggests that the stress field is not homo-
geneous near the eastern end of the GF.

[21] From all the above observations we conclude that the
stress field during the development of the TFZ was charac-
terized by an oblique horizontal stress trend with respect to
the plate divergence direction. It is also shown that the
Stmax trend was not homogeneous within the TFZ. Between
the DF and HFF, Sy,,.x exhibited a typical curved trajectory
with a progressive northward clockwise rotation.

4. Modeling Stresses and Slip Along the TFZ
4.1. Model Configurations

[22] Numerical modeling has been conducted in order to
evaluate how slip on major faults may control the stress
field along the TFZ. A second aim of these experiments was
to understand how fault interactions may influence the slip
distribution in a BOT. Using the 2-D distinct element code
UDEC [Cundall, 1980], we computed the horizontal stress
between two en échelon ridges at 600 m depth. This depth is
partly arbitrary but represents a reasonable approximation
considering the average thickness of the lava pile eroded in
the studied sites. Furthermore, changing this depth would
not affect the conclusions of our modeling because the
relative amount of slip along each fault and the type of
stress deflections remain the same.

[23] In our numerical models, the Northern Volcanic
Zone and the Kolbeinsey ridge are represented as NNE—
SSW trending, 20 km wide stripes, with an offset of 120 km,
embedded in an elastic medium (Figure 3). The thermal and
lithospheric thickness contrast between the rift and off-rift
zones is simulated by attributing different elastic parameters
to each domain. The off-rift zones were given a Poisson
ratio, v, of 0.25 and a Young’s modulus, E;, of 20 GPa.
These values are regarded as reasonable mean values of
elastic constants in the Icelandic crust [Palmason, 1971]. A
very low Young’s modulus, E,, was attributed to both the
Kolbeinsey ridge and the Northern Volcanic rift, according
to their nature as hot deforming zones with thin crust.
Because the rift zone parameters are poorly constrained
by real data, experiments with various E,/E, ratios ranging
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from 2 to 10 have been conducted. These experiments are not
illustrated here because they revealed that changing the E»/E;
ratio had little effect on the stress deflections that we are
interested in. These changes do not modify the sense and
location of the stress rotations and simply affect their amounts.

[24] Regarding boundary conditions, the plate separation
is simulated by moving away the lateral boundaries of the
model. Three linear discontinuities representing the Dalvik
(DF), Husavik-Flatey (HFF), and Grimsey (GF) faults link
the two rift zones (Figure 3). They follow a Mohr-Coulomb
behavior with zero cohesion, so that along-strike slip occurs
if 7 = po,, where 7 and o, are the shear and normal stresses
acting on the discontinuity while p is the friction coefficient
of the discontinuity. For models including several faults, we
assumed that these faults have the same shear strength. Only
experiments with very low friction coefficient (u = 0.01) are
illustrated here, because the models with higher values
produced unacceptable discrepancies between the simulated
and actual stress fields.

[25] Because our plate model is 2-D, it does not take into
account the vertical stress. Computing the full stress state
would require a 3-D approach. This 2-D approach also
neglects the vertical component of fault motion taken into
account in analogical modeling [e.g., Dauteuil et al., 2002;
Tentler, 2007]; it is, however, sufficient to reproduce and
interpret the stress deflections in the horizontal plane.
Another simplification in our model deals with the shape
of discontinuities: faults are treated as straight mechanical
discontinuities that are continuous along strike. In the
Tjornes Fracture Zone, most actual faults in fact consist of
en échelon fractures of various lengths. These fractures may
be oblique to the general trend of the fault zone, which is the
case for the Dalvik and Grimsey faults (Figure 1). Under-
standing the internal architecture of fault zones is beyond
the scope of this paper, so that each major fault is regarded
as a single discontinuity. We focus here on how the slip
accumulation on crustal faults and the fault interactions may
control the stress state along plate boundary.

[26] Because the age of initiation of the DF, HFF, and GF
faults is unknown, we ran different kinds of models, the
most typical ones being presented herein. The first type
(single-fault model) involves a single fault crossing the
TFZ. This fault may be the DF, HFF or GF, depending on
the model, which aims at characterizing the behavior of
each isolated discontinuity. The second type (multifault
models) includes two or three faults, and thus principally
aims at analyzing interactions between the DF, HFF and GF.
All kinds of associations have been tested. Our models
simulated a variety of internal configurations of the TFZ,
the transform motion being accommodated by one, two or
three faults. They thus represented possible configurations
of the TFZ at different periods since the transform plate
boundary initiated at 8 Ma, allowing consideration of
synchronous or sequential development of the DF, HFF,
and GF. A model without fault was also built for reference.

4.2. Elastic Models

[27] The first model in Figure 4a simulates the stress field
between the Kolbeinsey ridge and the Icelandic rift in an
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oversimplified way. No fault exists in this model and plate
separation is accommodated by elastic deformation between
rift segments. This model was designed to serve as a
reference in further comparisons with one-fault and multi-
fault models. Not surprisingly, it suggests that large shear
stress developed between the ends of the offset ridge seg-
ments prior to the transform fault development. Similar
results were obtained by analytical calculation [Pollard and
Aydin, 1984] and finite elements modeling [Gudmundsson
et al., 1993]. Gudmundsson and Homberg [1999] demon-
strated that shear stress increases as plate separation con-
tinues. When the shear stress reaches the strength of the
crust, faults develop and then relax the shear stress. Cycles
of stress accumulation and release are necessary to produce
a throughgoing transform fault connecting the two ridges.

[28] In our Kolbeinsey-Icelandic rift model (Figure 4a),
the zone of shear stress concentration encompasses the
whole TFZ. At this early stage, the three DF, HFF, and
GF may develop because the stress condition for faulting is
reached. In terms of stress orientation, this model shows that
inside the future TFZ Synax 1S not perpendicular to the
direction of plate separation but trends N012—172°E, and
locally N157°E. This stress deviation results in a significant
decrease of the angle (originally 90°) between Sy, and the
future DF, HFF, and GF, and hence involves more suitable
conditions for slip to occur on these faults. It should be
however noted that the predicted angle exceeds 30° and it
may suggest that rocks friction could be smaller than that
predicted by rock mechanics. Such high angles have effec-
tively been observed on major transform faults, like the San
Andreas Fault [e.g., Townend and Zoback, 2001].

4.3. Single-Fault Model

[20] The next models involved a single fault connecting
the two ridges segments. Three models, referred to as DF
(Figure 4b), HFF (Figure 4c) and GF (Figure 4d) models,
have been elaborated in order to isolate the contribution of
each fault to the stress pattern within the TFZ. The stress
distribution in these single-fault models is quite different
from that issued from the first, no-fault elastic model. This
large difference indicates that fault zones bring major
contribution to the near stress field in transform plate
boundaries. In the TFZ, Syax is approximately perpendic-
ular to the plate divergence except in the vicinity of the
active fault. The stress pattern is heterogeneous there and
the deflection of the Sp,,.x direction is maximal near the
fault tips. The stress distribution is symmetrical relative to
the fault center. In the two compressive quadrants near fault
tips, Spmax 1S deviated anticlockwise whereas it rotates
clockwise in the extensional quadrants. This curved stress
pattern is typical of “isolated faults” [Homberg et al.,
2004].

[30] For right-lateral faults making a high angle to the far-
field Sgmax, like those of the TFZ, clockwise rotations are
small. Anticlockwise rotations are much larger, especially in
the HFF and GF models where they reach 70° and 55°,
respectively (Figures 4c and 4d). These rotations result in a
NW-SE to WNW-ESE maximal horizontal stress Sgpax
on average, a range well illustrated by inversions of both the
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Figure 4. Stress states for elastic and single-fault models in the Tjornes Fracture Zone. (a) No fault is
included in model that simulates the proto-Tjornes Fracture Zone (TFZ) before development of the
Dalvik, Husavik-Flatey, and Grimsey faults. Inset shows the shear stress concentration (in MPa) between
the two rifts. In single-fault models, the TFZ includes only one fault (thick line), either the (b) Dalvik,
(c) Husavik-Flatey, or (d) Grimsey fault. Location of others faults is shown for reference as dashed line.
Note that the stress field changes from one model to another.

paleofaults and the earthquake mechanisms (Figure 2). If
both the GF and HFF models successfully simulate the
importance of such a NW—SE direction, they imply differ-
ent stress field geometry with the TFZ. Indeed, the place
and amount of these anticlockwise rotations differ from one
model to another. In the HFF, the maximum rotation occurs
close to the HFF and more particularly near its northeastern
corner. Symay 1S almost parallel to the fault strike there, and
thus explains the WNW-ESE dikes located exclusively
near this fault.

[31] In the GF model, a similar fault-parallel compression
occurs near the GF. Unfortunately, no stress data is available
from this area, which precludes verification. It is however
remarkable that the GF model does not simulate fault-

parallel compression near the HFF. Because such a com-
pression is attested by 8 Myr old dikes, this observation
excludes the hypothesis of the GF being the main active
structure during the initiation of the TFZ. This conclusion
also applies for the DF. Not only does the HFF model
simulate a fault-parallel compression, it also simulates other
stress directions suggested by the geological field data. This
model is discussed in more detail in section 4.4 and is
compared with multifault models.

4.4. Multifault Model

[32] The last models are multifault models which include
two faults or the three faults of the TFZ. A variety of two
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Figure 5. (aand c) Stress and (b and d) slip distribution in the TFZ for multifault models. In Figures Sa
and 5b, the TFZ includes two plate boundary faults, the Dalvik and Husavik-Flatey faults. Location of the
Grimsey Fault is shown for reference as dashed line. In Figures 5c and 5d, the TFZ includes the Dalvik,
Husavik-Flatey, and Grimsey faults. Note that slip is allowed along all faults but only the most northern
one accommodates plate motion. Fault interaction thus locks the Dalvik Fault (left) in the two fault
model. In the three-fault model (right), both the Dalvik and Husavik-Flatey faults are locked.

fault models has been examined. The model where slip tion below applies for both the DF-HF (Figure 5a) and HFF
is allowed on both the HFF and DF best fits most of (Figure 4c) models, because these models exhibit very
the geophysical and geological data. It is illustrated in similar stress fields. Inside the block between the DF and
Figure 5a. As discussed below, this preferred model sug- HFF and from South to North, Sy;,,... progressively rotates
gests that the HFF is the major plate structure, probably clockwise from a NI12°E to N34°E direction when
since the initiation of the TFZ. Other multifault models approaching the HFF. This curvature in Sy, trends
reveal significant inconsistencies with the geological and resembles that actually revealed by the dike trends
geophysical data and thus do not represent acceptable (Figure 2). Young et al. [1985] suggested that dikes were
internal configurations of the TFZ. One of these models, originally trending N—S and that their present-day curved
the DF-HFF-GF model, is however shown in Figure 5b for pattern results from clockwise block rotation induced by a
illustration. dextral shear on a 11 km large zone, shear increasing close

[33] In the DF-HFF model, the stress state in the TFZ to the HFF. The lack of paleomagnetic data in Iceland
exhibits a complex stress pattern (Figure 5a). The descrip- precludes any reliable estimation of possible block rota-
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tions. If our model is representative of the plate movement
accommodation in the TFZ, the change in the strike of dikes
should be regarded as primary and reflects the original
configuration of the stress pattern. Although we cannot
identify the type of stress regimes with our 2-D approach,
the fault-perpendicular Sy, simulated near the HFF in our
modeling experiments may likely correspond to a normal
stress regime (at least locally). Typically, this Sy, direc-
tion is quite well represented among the normal paleostress
regimes obtained from fault slip inversion and indicated by
the observation of large-scale normal faults (Figure 2).

[34] Along the eastern half of the HFF, stresses rotates
counterclockwise so that the minimum (S,,;,) and maxi-
mum (Sy,.q:) horizontal principal stresses trend almost
perpendicular and parallel to the main fault strike, respec-
tively. Such a stress state with fault-parallel compression (or
fault-perpendicular extension) is demonstrated by the inver-
sion of mesoscale strike-slip and normal faults and by the
WNW-ESE dikes along the HFF and the small basin at the
eastern ends of the HFF (Figure 2a and 2b).

[35] Other multifaults models show a much lower fit with
the paleostress field and geological structures. As an exam-
ple, the DF-HFF-GF model fails to replicate a Sy, fault-
parallel compression near the HFF (Figure 5c). Among all
single-fault and multifault models, the HFF and DF-HFF
models show the best agreement with the data. Remarkably,
although these two models are similar as far as the stress
field geometry is concerned, they are quite different in terms
of deformation within the TFZ due to fault interaction. In
the DF-HFF model, the slip on the HFF induces locking of
the DF where no strike-slip displacement occurs (Figure 5b).
It is also the case when slip is also allowed on the GF
(Figure 5d). Because slip on the GF or HFF inhibits activity
along the DF and because the DF model (Figure 4b) does
not fit the geological and geophysical data, we conclude that
the DF has never been a major structure of the TFZ.

[36] The GF should also be regarded as a minor plate
structure, at least during the early history of the TFZ (this
will not be the case in the future, as suggested by its high
level of seismicity). The hypothesis of a TFZ configuration
with the GF accommodating most of the plate motion is
unlikely because all models that include the GF did not fit
geological data (see this paragraph and the previous one). In
addition, large permanent slip on the GF would have locked
the other two faults (see Figure 5d for example), which
clearly was not the case of the HFF. The HFF is known to
have accommodated at least 5 km and possibly up to 60 km
of right-lateral displacement. Also, because of the discrep-
ancies between the data and the predicted stress orienta-
tions, the GF cannot be considered as the master plate
structure of the TFZ, in the past or even at the Present.
However, significant seismic activity presently occurs along
this fault and its significance in terms of plate boundary
evolution will be discussed below.

5. Discussion and Conclusion

[37] Despite limitations, our 2-D distinct element experi-
ments bring constraints regarding the slip distribution and

HOMBERG ET AL.: BROAD OCEANIC TRANSFORM

TC1002

the crustal stress field geometry within broad oceanic trans-
forms (BOTs), based on the analysis of the Tjornes Fracture
Zone (TFZ). The multifault models (Figure 5), which
include several subparallel faults, suggest that BOTs pro-
vide the fossil image of abandoned faults, rather than
revealing synchronous major activity along their constitu-
tive faults. The large finite width of BOTs thus results from
slip transfer through time from one major fault to another.
At each stage during the development of the transform
system, the plate relative motion is not distributed along the
plate boundary faults in a steady state manner. It rather
concentrates along a single master fault, the other major
fault zones remaining locked or with little activity.

[38] Transform models shown here were based on a
specific plate configuration based on the TFZ, but the
predicted accommodation of the plate transform movement
and stress field show similarities with some observations on
other BOTs. In contrast with typical oceanic transforms
which consist in one narrow throughgoing valley that
separates rift segments and concentrate shear stress, offset
in BOTs is accomplished within a wide, complexly
deformed area. BOTs are much common in fast spreading
ridges, but also exist in slow and ultraslow spreading
environment and their internal architecture is variable. They
may consist of closely spaced transform faults trending
almost parallel to the spreading direction and separating
short accretionary zones, like the Quebrada and the Garret
fracture zones that offset the fast spreading East Pacific Rise
(Pacific-Nazca) and the Andrew Bain transform in South-
west Indian Ridge. Accretionary zones within the transform
either follow the same trend as the main ridges like along
the Qebrada fracture zone [Searle, 1983; Lonsdale, 1989] or
may be very oblique to the spreading direction like in the
Garret and Andrew Bain transforms [Lonsdale, 1989,
Sclater et al., 2005]. Other BOTs do not show any evidence
of accretion like the Romanche transform and the TFZ that
offset the slow spreading Mid-Atlantic Ridge. A last type of
offset in large transforms is accomplished by antithetic
strike-slip faults at high angle to the shear zone in a
book-shelf manner like in the South Iceland Seismic zone
(Mid-Atlantic [Einarsson et al., 1981] or those described
along the Cocos-Nazca plate boundary [Bandy and Hilde,
2000]. These different configurations probably reflect the
various processes that favor excessive width of broad trans-
forms such as the thermal structure of the lithosphere,
change in plate motion, propagation of the spreading ridges,
and inherited discontinuities [Einarsson and Bjornsson,
1979; Searle, 1983; Lonsdale, 1989; Dauteuil et al., 2002;
Ligi et al., 2002]. Collectively, these BOT are complexly
built zone with numerous second-order structural elements.
Several lines of evidences suggest that they are mobile belts
and that their large observed widths, at least for BOTs of the
first and second types described above, may result from a
scenario implying successive fault abandonment and fault
development. For example, the 900 km long and 100 km
wide right-lateral Romanche transform fault includes two
major valleys and the seismicity shows that the present-day
plate motion occurs along the southern valley fault. The
much thicker turbiditic sequence on the northern valley
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suggests that it marks the former principal plate boundary
that migrated a few million years ago on the southern valley
fault [Bonatti et al., 1994; Ligi et al. 2002]. In the same
manner, the time reconstructions since 20 Ma by Sclater et
al. [2005] of the 750 km long and 120 km large Andrew
Bain transform implies a complex building of this transform
zone, involving transient strike-slip faults and oblique
accretion, prior structural elements being abandoned during
the slipping history. Major reorganizations of the plate
structures seem to correlate with changes, even small, in
the direction of plate motion [e.g., Lonsdale, 1989; Sclater
et al., 2005]. Our modeling results suggest that fault
interaction may be another factor that controls the activity
within large transforms as slip on a fault may lock activity
on adjacent faults. Although still poorly constrained, pro-
cesses such as sealing or rheological change for faults
governed by geochemical processes [Wibberley, 1999]
may also likely contribute to the abandonment of faults in
BOTs.

[39] As far as the slip distribution is concerned at each
stage of their evolution, BOTs thus resemble classical
oceanic transform zones where plate motion is accommo-
dated along a single, possibly segmented, major plate
structure. Despite this similarity, they differ as from time
to time, the relative motion in a BOT may be transferred
from the current master fault to another fault, with transition
periods where both faults are active. Along the Romanche
transform, although large shocks are confined along the
southern valley fault, small ones occur along the northern
valley fault [Ligi ef al., 2002].The predominance of a single
fault thus does not exclude that a moderate activity persists
along older structures of the plate boundary, so that the
seismicity affects a wide area. Slip motion on abandoned/
locked faults may be triggered by a large slip occurring on
the neighboring active master fault, but such a slip would
likely remain moderate or occasional. This process probably
explains why rare but large earthquakes occur along the DF
and GF, although the short seismological recording period
cannot clearly document what fault of the TFZ underwent
the majority of large earthquakes.

[40] Our models predict that directions of stresses in the
transform zones largely deviate relative to that expected for
the plate divergence. In one fault model, the stress progres-
sively rotates when approaching the strike-slip fault and the
most pronounced deviations results in a Sy, direction
oblique to the transform zone (Figure 4). In the case of a
left-lateral offset as that simulated here, the Sy, direction
is rotated in a counterclockwise sense; it would occur in
opposite way for a right-lateral offset. Such a stress rotation
correlates well with the angular relationship observed in
many BOTs between the normal faults scarps and general
trend of the plate boundary [Lonsdale, 1989]. The stress
pattern obtained in our models suggests that more abrupt
and opposites changes in the direction of second-order
tectonic structures may also exist but such deviations would
be difficult to document in the deep marine BOTs. The
emerged TFZ provides however a unique example to test
this hypothesis. The stress field reconstructed from minor
faults and earthquake focal mechanisms (Figure 2) shows
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stress rotations in both senses, in good agreement with the
two-fault models (Figure 5a). We therefore suggest that slip
on strike-slip faults in BOTs may induce a variability in the
second-order element trend. In multifault model, besides
stress deflections near the active master fault, stress direc-
tions within intrafault blocks differ from one block to
another. Both the inactive faults and the master active fault
of the BOT are thus responsible for mechanical decoupling
between the blocks of the transform plate boundary result-
ing in a wide deflected stress field. In the ultimate config-
uration with three well developed faults (Figure 5a), the
stress pattern is simpler and the Sy« direction makes a
high angle with the plate faults, except in the vicinity of the
active fault. If normal faulting is promoted, such stress
orientation will result in normal faults trending almost
perpendicular to the transform boundary. Such structures
are well documented in the TFZ (Figure 2) and also exist
along the Blanco transform, northeast Pacific ocean [Dziak
et al., 2000] and should be regarded has the signature of
stress deviations. Our models also suggest that if the faults
of the BOT differ in age, that is, if faults developed in
sequence, the stress pattern changes in time as a function of
the development sequence of individual faults. In this case,
large changes in orientation may affect the stress field
within the BOT during its history.

[41] As mentioned before, a common feature in BOTSs is
the occurrence of normal faults oblique to the spreading
direction. Our 2-D models dot not allow to resolve the
coexistence of normal and strike-slip faults in large trans-
form zones but we speculate that fault interactions may
induce changes in the stress magnitudes leading to stress
permutations and thus encouraging either strike-slip or
normal faulting in specific areas and in variable way during
the slip history. This hypothesis is supported by the good
agreement between the simulated Sy,,.. pattern and the
curvature of the normal faults within the DF-HFF block
and the normal fault trends described above in other BOTs.

[42] In this paper, we considered the case of a BOT across
which the plate motion has a slight extensional component,
as a function of the limited obliquity of the BOT with
respect to the direction of plate separation. The fault plate
motion angle increases across the BOT from south to north,
as a consequence of the differences in fault trends. Other
plate configurations were not examined, but the stress
orientation very likely depends on the fault plate motion
angle and on the difference in strikes between the faults.
The stress field within oceanic transforms should also likely
be controlled by fault properties of the strike-slip disconti-
nuities. Such phenomenon was documented for the Eltanin
transform [Beutel and Okal, 2003], a classical transform
cutting the south East Pacific Rise (Pacific-Antarctic) where
strong asperities on otherwise strong faults bring heteroge-
neity in the stress field, including the development of large
tensional stresses, enhancing normal faulting with anoma-
lous focal geometry of earthquakes.

[43] As far as the TFZ is concerned, several conclusions
and hypotheses can be drawn concerning the development
order of each fault of the TFZ and their properties. First, the
curved stress trajectory within the block between the DF
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and HFF and the coexistence of both fault-perpendicular
and fault-parallel compressions along the HFF were simu-
lated in the model including the DF and HFF (Figure 5a).
As this stress field is partly constrained by 8 Myr old dikes,
it probably characterizes the stress state that prevailed
during the initiation of the TFZ. The development of the
DF and HFF was thus related to the initiation of the TFZ
transform plate boundary and the DF is of similar age as, or
slightly older than, the HFF. Although the age of initiation
of the GF cannot be tightly constrained, this fault zone is
undoubtedly a young plate boundary structure. Although we
did not investigate plate configurations with different fric-
tion coefficients along the faults of the TFZ, the modeling
results allow us to discuss the frictional strength of the DF,
HFF, and GF. Paleostress studies along the HFF suggested
that significant variations in frictions occurred, between
situations of moderate friction and low friction [Angelier
et al., 2000]. The results of our modeling experiments also
suggest low friction along active fault branches. The coex-
istence of both fault-perpendicular and fault-parallel com-
pressions along the HFF even requires that the HFF has a
very low friction coefficient, close to 0.01. This value is
much lower than the 0.6—1.0 range for rock strength
estimated from experimental data [Byerlee, 1978] and in
situ stress measurements [7Townend and Zoback, 2000], so
that the HFF appears to be frictionally very weak. Fault
friction is a complex property that may depend on many
factors, and the frictional strength of major faults remains a
controversial topic [e.g., Scholz, 2000; Townend and
Zoback, 2001; Carpinteri and Paggi, 2005]. Our assump-
tion of a low coefficient of friction is in agreement with
some studies based on surface heat flow [Lachenbruch and
Sass, 1980; d’Alessio et al., 2006], thermochronology [Xu
and Kamp, 2000; d’Alessio et al., 2003], orientation of the
maximum principal stress [Mount and Suppe, 1987; Provost
and Houston, 2001; Townend and Zoback, 2004], which
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suggest that the average coefficient of friction of large active
faults could be 0.2 or lower. However, using similar data,
other authors argued that natural faults have frictional
properties quite similar to laboratory measurements [Scholz
et al., 1979; Townend and Zoback, 2000; Castillo and
Hickman, 2000].

[44] Whereas the HFF was (and may have persisted as) a
weak fault structure, a low resistance of the three branches
(DF, HFF, and GF) to present-day shear traction is unlikely.
Whereas such a configuration would imply a widespread
NNE-SSW trending Sy, Within the TFZ (see Figure 5c),
the modern stress field in fact shows a dominant NW-SE
Stimax trend (Figure 2). The mechanism of faulting along the
DF and GF with left-lateral slip on N—S faults that
accommodate the dextral shear imposed by the plate motion
argues for an immature stage of these two faults [Bergerat
and Angelier, 1999, 2008]. The GF is not, at least until now,
a throughgoing crustal discontinuity like the HFF and thus
should be considered as a nonmature, possibly strong, fault.
However, the GF has strong potential to become the master
fault of the BOT in the future, as a result of the northward
rift propagation of the active onland rift (i.e., the North
Volcanic Zone of Iceland [ Gudmundsson et al., 1993]). This
cannot be the case for the DF. Therefore, although no
evidence exists that the activity of the present master fault
(the Husavik-Flatey Fault) is decreasing, it is likely that in
the future the main transform motion will be transferred to
the Grimsey Lineament.
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