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I. — INTRODUCTION

The geology of southwest Iceland offers an excellent op-
portunity for studying extensional tectonics at divergent
plate boundaries. Less than 10 km from the Holocene rift
zone, there are deep valleys and fjords dissecting the corres-
ponding Pleistocene and Pliocene fault and dyke swarms
(fig. 1). The data from these older swarms can be used to
infer the infrastructure of the nearby Holocene fissure
swarms and to test models on the mechanism of crustal ex-
tension.

The principal aim of this paper is to describe the exten-
sional structures of southwest Iceland. We present detailed
data on dykes, inclined sheets, faults, mineral veins and
slickensides from which we infer the regional stress field
in this part of Iceland. A second aim is to relate these data
to the general geodynamic framework of divergent plate
boundaries.

II. — GEOLOGICAL SETTING

The Holocene rift zone in southwest Iceland is the on-
shore continuation of the Reykjanes Ridge. It consists of
specific fissure swarms, which in this part of Iceland are
7-11 km wide and 41-78 km long [Gudmundsson, 1986].
The fissure swarms are most conspicuous in the basaltic
pahoehoe lava flows from the early part of the Holocene.
Each swarm contains hundreds of tension fractures, normal
faults (fig. 2), and volcanic fissures. The swarms outline
specific volcanic systems [Jakobsson, 1979], where most
of the volcano-tectonic activity takes place. As our data
confirm, the volcanic systems are the surface expression of
dyke and fault swarms at deeper levels in the crust.

The Pliocene area of southwest Iceland consists mainly
of basaltic lava flows with occasional interbedded layers
of basaltic breccias. The regional dip of the lava pile is
2-8°SE. The proportion of basaltic breccias increases
towards the rift zone and is high in the Pleistocene area
where, in addition, layers of tillite are common. The ex-
tensional structures of this area include dykes and normal
faults [Forslund and Gudmundsson, 1991] as well as mi-
neral veins and joints [Jefferis and Voight, 1981].

III. — FRACTURE PATTERNS

Normal faults and dykes are the most common major ex-
tensional structures in southwest Iceland (fig. 3). The strike
distributions of faults and dykes are similar (fig. 4), indi-
cating that they were generated in the same stress field.
The cross-cutting relationships suggest that most of the
dykes are pure extension fractures. Field evidence indicates
that the normal faults were formed in a direction essentially
perpendicular to the direction of o3.

A) Normal faults

In the Holocene fissure swarms of the Reykjanes
Peninsula [Gudmundsson, 1987a] and the Thingvellir area
[Gudmundsson, 1987b], the normal faults are vertical at the
surface (fig. 2). The general fault strike is NE and subparal-

Bull. Soc. géol. Fr., 1992, n° 5

A. GUDMUNDSSON ef al.

lel with the trend of the associated fissure swarms. The
measured throw on the faults in the Holocene lava flows
is 0.5-40 m, the length is 0.36-9 km, and the width is O-
68 m. Most fractures in the fissure swarms, however, are
not normal faults but tension (mode I) fractures. On aver-
age, the tension fractures are much shorter than the normal
faults and it is clear that many normal faults develop by
coalescence of several shorter tension fractures. As the nor-
mal faults become longer, the maximum throw normally in-
creases. For faults located within a single lava flow, the
linear correlation coefficient between length and maximum
throw ranges from 0.64 to 0.97.

In the Pliocene-Pleistocene fault swarms, most normal
faults are steeply dipping (fig. 3a). The dip ranges from 53°
to 89° with an arithmetic mean of 75° [Forslund and Gud-
mundsson, 1991]. The number of faults dipping to the east,
i.e., towards the rift zone, is similar to that dipping to the
west and away from the rift zone. The general strike of the
faults is NE, slightly more eastward than that of the faults
in the nearby Thingvellir fissure swarm (fig. 4). In the Ter-
tiary area of Akrafjall (fig. 1) there is, however, no domi-
nant strike direction. The throw of the 34 Akrafjall faults
ranges from 0.5 m to 48 m, but (with one exception) only
those faults that strike approximately NE developed throws
in excess of 7 m. Most of the faults appear to be pure dip-
slip, but strike-slip movement has evidently occurred along
some faults. Two faults appear to be reverse faults. One
(N40°E, 61°NW, with a throw of 3.5 m) occurs in a Pleis-
tocene area, the other (N8OCE, 77°N, with a throw of 5 m)
in the Tertiary area of Akrafjall.

The measured throw of the Pliocene-Pleistocene faults
ranges from 0.5 m to 150 m. The mean throw of 206 Pleis-
tocene faults is about 10 m and 90 % have throws of less
than 20 m. The mean throw of 34 Tertiary faults is about
9 m. Fault breccia is common and there is a clear correla-
tion between the throw of the Pliocene-Pleistocene faults
and the thickness of the associated breccia. The breccia
thickness ranges from 0.05 m to 2 m, and the linear corre-
lation coefficient for throw and maximum breccia thickness
is 0.78. This indicates that some 60 % of the variation in
breccia thickness can be explained by variation in fault
throw. Many faults were followed upwards in the lava pile
in order to observe changes in the throw. With one excep-
tion, the throw on individual faults, measured at an altitude
difference of as much as 150 m, was the same, suggesting
that growth faults are rare in the exposed Pliocene-Pleis-
tocene lava pile in southwest Iceland.

D) Dykes

Dykes in Iceland occur in two distinct types of swarms;
regional dyke swarms and local sheet swarms [Gudmunds-
son, 1990a]. Both types of swarms are found in southwest
Iceland. A local swarm of inclined (cone) sheets is as-
sociated with the Hvalfjordur central volcano, which occu-
pies the inner part of, and the mountains north of, the fjord
Hvalfjordur. Another sheet swarm, described in detail
below, occurs in the Esja area (fig. 1). Many dykes of the
Pleistocene area, and all dykes of the Tertiary area, are re-
gional dykes (fig.3b), but some were probably injected
laterally from the nearby central volcanoes.
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FiG. 1. - Structural map (A) and a cross-section (B) of southwest Iceland. Modified from Saemundsson & Einarsson [1980].

A. — | : postglacial basaltic and andesitic lavas; 2 : late Pliocene and Pleistocene basalt (younger than 3.1 Ma) including andesite, hyaloclastite and
tuffaceous sediments; 3 : Pliocene basalt (older than 3.1 Ma) including andesite and. hyaloclastite ; 4 : location of the cross-section B; 5: fault or
fissure; 6 : basaltic dyke; 7 : postglacial eruptive fissure; 8 : strike and dip of the lavas.

B. — 1: postglacial basaltic and andesitic lavas; 2 : late Pliocene and Pleistocene basalt including andesite, hyaloclastite and sediments: 3 : intrusive
dolerite ; 4 : Pliocene basalt including andesite and hyaloclastite.

Fi1G. 1. — Carte structurale (A) et coupe (B) du Sud-Ouest de I’Islande, modifiées d’aprés Saemundsson et Einarsson [1980].

A. = 1: laves basaltiques et andésitiques post-glaciaives; 2 : basaltes d’dges pliocéne supérieur et pléistocéne (plus jeunes que 3,1 Ma), andésites,
hyaloclastites et sédiments tuffacés; 3 : basaltes pliocénes (plus vieux que 3,1 Ma), andésites et hyaloclastites; 4 : emplacement de la coupe B; 5 :
faille ou fissure; 6 : dyke basaltigue; 7: fissure éruptive posi-glaciaire; 8 : direction et plongement des couches de laves.

B. — 1: laves basaltiques et andésitiques post-glaciaires; 2 : basaltes d’dges pliocéne supérieur et pléistocéne, andésites, hyaloclastites et sédiments ;
3 : dolérites intrusives; 4 : basaltes pliocénes, andésites et hyaloclastites.
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FiG. 2. — Aerial view of a vertical normal fault in a basaltic (pahoehoe)
lava flow of the Holocene rift zone in southwest Iceland. The throw is
25-30 m, and the width (the separation of the fault walls) is as much as
40 m, in the middle right part of the picture.

FIG. 2. — Vue aérienne d’une faille normale sub-verticale dans une coulée
de laves basaltiques (pahoehoe) de la zone de rift holocéne dans le sud-
ouest de IlIslande. Le rejet de la faille est de 25-30 m et sa largeur (dis-
tance entre les deux murs) peut atteindre 40 m (partie centrale droite de
la photographie).

The mean dip of 473 regional Pleistocene dykes is 69°, the
mean thickness is about 1.4 m, and the general strike is
NE. The average dip is lower, and the average thickness
Iess, than that of the regional Tertiary dykes [Gudmunds-
son, 1990a]. The thinness of the Pleistocene dykes can
be attributed to their inferred shortness, and the low mag-
matic overpressure at the time of their formation, com-
pared with the regional Tertiary dykes [Forslund and
Gudmundsson, 1991]. The lower dip may reflect the in-
fluence of the local stress fields associated with the
nearby crustal magma chambers.

In the Tertiary area of Akrafjall in southwest Iceland,
dykes are very rare. In a 5.6 km-long profile, only 14 dykes
were found. The mean values for these dykes are 25° for
strike, 70° for dip, and 1.6 m for thickness. These regional
dykes are thus, as regards dip and thickness, more similar
to the nearby Pleistocene dykes than to the regional dykes
of the Tertiary areas of east and northwest Iceland [Gud-
mundsson, 1990a]. This suggests that during Pliocene es-
sentially the same factors contributed to the thinness and
low dips of the dykes in southwest Iceland as those during
Pleistocene.

The crustal dilation due to dykes and faults has been
estimated in many profiles, with a combined length of
nearly 40 km. In 3.7-9.0 km long-profiles in the Pleistocene
area, the crustal dilation attributable to dykes only is 0.4-
3.7 %, that attributable to normal faults only is 0.6-5.3 %,
and the combined dilation attributable to both dykes and
faults is 1-6.4 %. The crustal dilation due to dykes in the
5.6 km-long profile in the Tertiary area of Akrafjall is
0.4 %, that due to faults is 1.6 %, and the combined dilation
is 2%.
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FiG. 3. — Major extensional structures of southwest Iceland.

A. — Normal fault in the Pleistocene lava pile. The fault strikes NO27°E,
dips 81°E, and has a throw of 4 m. A 10 cm thick breccia is associated
with this fault.

B. — Basaltic dyke, striking NO30°E, on the south coast of the fjord Hvalf-
jordur (fig. 1). The dyke dips 82°W and its thickness is 3 m.

FIG. 3. — Structures extensives majeures du sud-ouest de I’Islande.

A. — Faille normale dans les couches de laves pléistocénes : azimut 27°,
pendage 8I°E, rejet 4 m. Une bréche de faille de 10 cm d’épaisseur est
associée au plan de faille.

B. — Dyke basaltique d’azimut 30° sur la céte sud du fiord Hvalfjordur
(cf. localisation fig. 1) : inclinaison 82°W, épaisseur 3 m.

C) Inclined sheets of the Esja region

In order to reconstruct the local paleostress field as-
sociated with an extinct magma chamber, more than 400
inclined (cone) sheets were measured on the coast of the
Esja area (fig. 1). These sheets were injected from the shal-
low magma chamber associated with the Kjalarnes central
volcano that was active 2.8-2.2 Ma ago [Fridleifsson, 1977].
The sheets range in thickness from 0.1 m to 10 m.

The inclined sheets belong to two main sets (fig. 5a).
One set consists of subvertical or steeply dipping sheets
the other of subhorizontal or gently dipping sheets. The
dominant strike is NNE, parallel to the trend of the present
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FIG. 4. — Structural data on normal faults and dykes in the Pliocene and Pleistocene areas of southwest Iceland.
A. — Rose diagram of strikes, 220 faults. Radius of the circle : 10% of the total number of faults.

B. — Throw distribution of 240 faults. Two throws exceed 100 m (maximum : 150 m). Minimum measured throw : 0.5 m. Average throw : 9.] m.
C. — Rose diagram of strikes, 486 basaltic dykes. Radius of circle : 10 % of the total number,
D. - Thickness distribution, 489 dykes. Average dyke thickness : 1.4 m.

FiG. 4. — Données statistiques sur les failles (A et B) et les dykes (C et D) dans les secteurs pliocéne et pléistocéne du sud-ouest de I'Islande.

A. — Rosace des directions des failles normales (220); le rayon du cercle correspond & 10 % du nombre iotal de failles.

B. ~ Histogramme des rejets des failles normales (240); deux rejets sont supérieurs & 100 m, le plus important étant 150 m, la plus faible mesure
est de 0,5m; le rejet moyen est de 9,1 m.

C. ~ Rosace des directions des dykes basaltiques (486); le rayon du cercle correspond & 10% du nombre total de dykes.
D. — Histogramme des épaisseurs des dykes (489); I'épaisseur moyenne est de 1,4 m.

rift zone in southwest Iceland and also parallel to the domi- We suggest that the main sheet set (NNE trends and steep
nating strike of structural elements in southwest Iceland in dips) reflects the effect of the regional stress field as-
general (fig. 1). About 20% of the sheets, however, strike sociated with the rift zone. The regional stress field would
in all directions and have variable dips. commonly dominate near the surface, in particular if the

FiG. 5. — Orientation distribution of inclined sheets of the Esja region. Lower hemisphere equal area stereographic projections.
A. — Poles to sheets.

B. — Curves of equal extension (10-90 %) due to sheet thickness. Same data as in A.
Fic. 5. — Données statistiques sur les filons volcaniques de I'Esja.

A. — Péles des filons (projection de Schmidt, hémisphére inférieur).

B. — Courbes d’égal étirement (10-90°).
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shallow chamber was sill-like [Gautneb et al., 1989]. The
steeply dipping sheets, which would normally be most af-
fected by the stress field associated with the rift zone, have
a stronger NE trend than the shallowly dipping sheets,
which supports this conclusion. The large-scale mechanical
properties are essentially uniform throughout the lava pile.
We therefore attribute the variable trends and shallow dips
of the sheets in the other set primarily to the effect of the
local stress field generated in the vicinity of the shallow
magma chamber [Anderson, 1936; Gautneb ef al., 1989].

From the orientation (fig. 5A) and thickness of each
sheet, a 3D estimate of stretching has been made for the
whole sheet swarm (fig. 5B). Two main directions of
stretching are thus reconstructed ; one is subhorizontal and
trends N110°E, the other is subvertical. The subhorizontal
extension is clearly related to the set of subvertical sheets,
whereas the subvertical extension corresponds to the set of
shallowly dipping sheets. If one rotates this plot several
degrees to the WNW around a NNE-trending horizontal
axis, one obtains two axes of stretching; one is vertical
and the other is horizontal and trends WNW. This suggests
that subsequent to its emplacement, the sheet swarm was
slightly tilted to the ESE.

Two main conclusions follow from this analysis. The first
is that the direction of the regional least principal stress axis
(03) was WNW during the formation of this sheet swarm. This
direction coincides with the current direction of this axis, as
inferred for the trend of the neovolcanic rift zone (fig. 1). The
second conclusion is that the local stress field associated with
the shallow magma chamber of the Kjalarnes central volcano
largely controlled the strike and dip of these sheets. This con-
clusion agrees with results obtained from other sheet swarms
in Iceland [Gudmundsson, 1990a].

D) Tectonic lineaments and joints

Most large-scale tectonic lineaments in southwest Ice-
land strike either NE or WNW (fig. 1). The NE trend can
be mostly associated with dykes, normal faults or, in a few
cases, joints [Forslund and Gudmundsson, 1991], and these
structures are clearly related to the dominating regional
stress field associated with the nearby rift zone. The WNW
lineaments, however, are not easily explained in terms of
the dominating regional stress field.

Many fjords and valleys in southwest Iceland, as well
as in many other areas of Iceland, strike approximately per-
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FiG. 6. — Examples of the main stress fields identified in southwest Iceland (lower hemisphere equal area projection).
A and B. — 1: cyclographic projection of fault planes as thin lines and striations as centrifugal arrows (normal motion) or double arrows (strike-slip

motion); 2 : axes of the stress tensor. Large black arrows indicate computed directions of ¢
tensor determinations are also indicated (ail angles in degrees). The attitud
of 6> and o3 are of less importance (due to the effects of the local stress

e of the o) axis in diagram B2 is tightly constraine
field associated with the shallow magma chamber of the Kjalarnes central

ompression or extension. The parameters of the stress
d, whereas the plunges

volcano, southwest part of the Esja region). N, number of fault-slip measurements used ; 01, 62 and O3, strike and plunge of the principal stress axes;
®, computed ratio (0>-03)/(G) — 03) ; 0., average actual slip-computed shear angle ; RUP, deviation estimator (“ratio upsilon”), defined as the modulus

of the vectorial difference between slip (dimensioned according to the reduce
is given as a ratio that ranges from 0-200 %, where values less than 50 % indicate a good fit [cf. Angelier,

mineral veins.

d tensor type) and shear stress divided by the maximum shear stress. It
1990]; C. — Cyclographic projection of

FIG. 6. — Exemples de diagrammes caractéristiques des principaux états de contrainte reconnus dans le sud-ouest de I'Islande (projection de Schmidt,

hémisphére inférieur).

A et B. — 1: projection cyclographique des plans de faille et de leurs stries (fleche centrifuge :

mouvement normal, double fleche, mouvement décro-

chant); 2 axes du tenseur des contraintes, les fleches noires indiquent les directions de compression et/ou d’extension. Les paramétres calculés du
tenseur des contraintes sont indiqués (angles en degrés). Sur le diagramme B2, I'orientation de I'axe o1 est bien définie alors que les inclinaisons
des axes o2 et 63 sont moins significatives (liées a des jeux de failles obliques pres du centre volcanique de I'Esja). N = nombre de mesures utilisées;
o1, 62 et 63 : direction et plongement des axes principaux; ¢ = (02~ 63)/(c1 — 63); o = angle moyen strie réelle-strie calculée ; RUP : estimateur
d’écart (« rapport upsilon ») défini comme le module de la différence vectorielle entre le glissement (dimensionné suivant le type de tenseur réduit)

et la contrainte tangentielle, divisé par le cisaillement maximum et fourni sous forme de rapport de 0 a 200

%, les valeurs inférieures & 50 % indiquant

un bon accord [détails : Angelier, 1990]; C. — projection cyclographique des veines minérales.
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Fig. 7. — Pliocene-Holocene extension in southwest Iceland. See figure 1 for the legend of the map. The indicated trends of extension are from the
analysis of (1) normal faults, (2) strike-slip faults, (3) mineral veins. Also shown (4) is the direction of Guminy from hydrofracturing measurements in
drillholes (Gnmax) is perpendicular to this direction). See table for more detailed results on paleostress determination from fault-slip data.

Fic. 7. — Extension pliocéne a holocéne dans le sud-ouest de Ulslande. Voir légende de la carte figure 1. Directions d’extension d’aprés | ‘analyse (1)
des failles normales, (2) des décrochements, (3) des veines minérales et (4) des mesures in situ (Oy min ). Voir le tableau pour le détail des résultats

des calculs de paléo-tenseurs de contrainte.

pendicular to the main trend of dykes and normal faults.
These fjords and valleys have apparently not developed
along major faults or dykes as the heads of these valleys
are not cut by dykes or normal faults. In many cases, how-
ever, the heads of the valleys are dissected by joints [For-
slund and Gudmundsson, 1991], suggesting that many
fjords and valleys in Iceland develop along joint systems.

There is a noticeable change in the trend of the fjord
Hvalfjordur eastwards along its length. The western part
strikes NE whereas the eastern part strikes WNW (fig. 1).
In order to test if these trends could be associated with
joint systems, some 170 major joints were measured at
several localities on the north shore and at the head of
Hvalfjordur. At all stations there was a strong NE trend of
joints. But in the easternmost stations there was a strong
NNW-NW trend in addition to the NE trend. This suggests
that the change in the trend of Hvalfjordur may be partly
related to joint systems that in the inner part of the fjord

strike differently from those in the outer part. This obser-
vation supports the previous conclusion on the relationship
between fracture sets and morphological trends.

IV. — STRESS FIELDS

A) Fault-slip data analysis

The determination of paleostress tensors using fault-slip
data is a technique that has been developed in France during
the past fifteen years. This technique is usually based on
minimising the shear-stria angle [Carey and Brunier, 1974 ;
Angelier, 1979, 1984 ; Etchecopar et al, 1981]. Recently,
a new method for determining the reduced stress tensor was
presented by one of us [Angelier, 1990] ; it was applied to
the fault-slip data sets collected in Iceland during the past
three years [Bergerat et al., 1988, 1990]. This new method
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