
introduCtion

Sheeted dykes in ophiolites play a key role in our under-
standing of sea floor spreading processes (Gass, l968;
Moores and Vine, l971; Cann and Gillis, 2004). It is gener-
ally assumed that observations in ophiolites, notably the
Troodos, may be indicative of processes operating at ocean-
ic spreading axes and vice versa (Robertson and Xenophon-
tos, 1993). However, it is debateable as to what extent ophi-
olites, such as the Troodos, formed in the same manner as
mid-ocean ridges (Robinson et al., 2008), especially since
the Troodos is generally accepted to have formed above a
subduction zone (Pearce and Robinson, 2010). 

At an early stage in the development of plate tectonics
theory, sheeted dykes were recognised within the Troodos
ophiolite (Fig. 1) and interpreted as the result of sea-floor
spreading within the Mesozoic Tethys (Gass, l968; Moores
and Vine, l971). The surface outcrops of the sheeted dykes
were studied, petrographically and geochemically at a rela-
tively early stage in research on the Troodos ophiolite
(Desmet et al., l978; Baragar et al., 1989; Moores and Vine,
l971). Additional subsurface data were obtained from drill
hole CY-4 during the Cyprus Crustal Study Project (Baragar
et al., 1990). Zones of shearing and faulting were identified
in several areas (Baragar et al., l989; l990). Detailed struc-
tural studies of some parts of the sheeted dyke complex later
revealed the importance of extensional faulting in the con-
struction of the Troodos sheeted complex (Dietrich and
Spencer, l993). However, little attempt has previously been

made to relate the lithology and geochemistry of intrusion to
the outcrop-scale structure in detail (but see Veit, l996).

The sheeted dykes are generally orientated ~ N-S owing
to the well documented 90° anticlockwise palaeo-rotation of
the Troodos Massif, based on palaeomagnetic studies
(Moores and Vine, l971; Clube et al., l985; Morris et al.,
l990). In the south, the Troodos Massif is truncated by the
prominent east-west trending Arakapas Fault Zone, which is
also known as the South Troodos Transform Fault Zone
(Fig. 1). The name Arakapas Fault Zone is preferred here so
as not to presume any particular setting of formation (i.e. a
non-genetic name is preferable). The fault zone is generally
accepted to represent an oceanic transform fault zone that
was contemporaneous with the formation of the Troodos
ophiolite (Moores and Vine, l971; Simonian and Gass, l978;
Gass et al., l994; MacLeod and Murton, l995). 

Despite decades of productive research in Cyprus, sur-
prisingly little consensus has yet emerged concerning the
processes of sea-floor spreading or transform faulting that
gave rise to the Troodos ophiolite. Seafloor spreading is in-
ferred to have taken place, either progressively at a single
spreading centre (Kidd and Cann, l974; Cann and Gillis,
2004; Allerton and Vine, l987), or episodically, involving
step-wise relocation of a spreading centre (Varga and
Moores, l985; l990; Hurst et al., 1994). For the Arakapas
transform, in present coordinates, the slip direction was
right-lateral in some interpretations (Clube et al., l985; Clube
and Robertson, l986; Murton, l986; Allerton, l988; Morris 
et al., l990; Gass et al., l994; MacLeod and Murton, l995; 
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ABSTRACT 

The structure of a sheeted dyke complex in relation to intrusion is important for an understanding of sea-floor spreading. Here, we provide data for a pre-
viously undescribed ~ E-W cross-strike section along the northern margin of the Troodos Massif. For comparison, we also provide new information for a ~N-
S section along the southern margin of the Troodos Massif, adjacent to the Arakapas Fault Zone, an inferred oceanic transform fault.

The N-Troodos margin section is divided into two main segments with opposing dip directions, corresponding to the Solea Graben in the east and the
Stravros Graben in the west. High-temperature, hydrothermally altered dykes occur relatively early in a relative intrusive chronology of both grabens, fol-
lowed by gabbroic bodies and ubiquitous grey sheeted dykes; plagiogranite dykes intruded at relatively later stages. Chemical analyses reveals a trend towards
a boninite-type composition, both in the sheeted complex as a whole and in several specific sections for which crosscutting relations were documented in de-
tail. The relatively steeply dipping, late-stage, boninitic-type dykes are interpreted as feeders to the Upper Pillow Lavas.

To the N of the Arakapas Fault Zone, large plagiogranite bodies intruded relatively early and were in turn transected by grey dykes, small gabbroic intrusions
and late-stage isolated brown dykes. Chemical analyses show that both early-stage grey dykes and the later-stage brown dykes were fed by chemically similar
magma. Highly depleted boninite-type dykes occur close to the Arakapas Fault Zone. The relatively late-stage brown dykes show a swing in orientation towards ~
E-W near the transform zone, reflecting an inferred up to ~ 90° relatively clockwise, vertical-axis rotation. The earlier-stage grey dykes are indicative of lesser
amounts of vertical-axis rotation but show complex rotations about low-angle axes. Small-scale faults are mainly of normal and left-lateral strike-slip type. Taking
alternatives into account, we infer that the faulting in the dyke section took place near a left-offset spreading axis within an overall right-slipping, transtensional
transform fault zone. In addition, depleted mantle harzburgites were exposed and eroded on the seafloor within an inferred southward extension of the transform
zone (now within the Late Cretaceous Moni Mélange), proving additional evidence of a transtensional setting near or within the Arakapas transform.

The combined evidence suggests that the Troodos sheeted dyke complex as a whole developed in response to unstable, asymmetrical spreading above a
subduction zone in which relatively late-stage amagmatic extension is likely to have played an important role. The spreading crust was bounded to the south
(in present coordinates) by a relatively broad transtensional transform fault zone, along which mantle rocks were locally exposed and eroded on the seafloor.
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Morris, l996; Abelson et al., 2002; Granot et al., 2006; Bor-
radaile and Gauthier, 2006; Scott et al., 2012), but left-later-
al in others (Simonian and Gass, l978; Varga and Moores,
l985; Cann et al., 2001; 2004). Detailed analyses of the re-
gional dyke trends has recently been carried out, supple-
mented by the collection of new data from a wide region of
the southern Troodos Massif (Scott et al., 2012). These au-
thors used the combined data to test several alternative
mechanisms of spreading and deformation in the vicinity of
the Arakapas Fault Zone. However, they note a need for
more field data particularly on the relative timing of intru-
sion and deformation of the sheeted dykes.

The aim of this paper is to present and interpret the results
of two field-based pilot studies of the sheeted dyke complex,
one in relation to spreading processes in a representative part
of the northern outcrop of the Troodos ophiolite (Masson,
2012) and the other in relation to spreading processes near
the Arakapas Fault Zone in the south (Cooke, 2013). Two
comparative sections were studied, one along the northern
margin of the Troodos Massif and one along the southern
margin of the Troodos Massif (Fig. 1). The northern Troodos
section is an excellent example of a sheeted dyke complex
away from the Arakapas Fault Zone in a previously little
studied area, while the southern section is an excellently ex-
posed section that is located directly north of the Arakapas
Fault Zone (Fig. 1). We will present new field, petrographic,
structural and geochemical data for both the N-Troodos and

the S-Troodos sections and then compare and discuss the
two data sets in terms of alternative spreading and transform
processes. This approach yields valuable results and suggests
that similar, but larger scale studies of this type would be
worthwhile for the Troodos and other ophiolites. 

In addition, we also present some new data concerning a
possible extension of the Arakapas Fault Zone, which is
now preserved as a serpentinite-dominated lineament within
the Late Cretaceous Moni Mélange in south-central Cyprus
(Fig. 1). This provides new evidence of sea-floor exposure
of ultramafic rocks in Cyprus.

north-troodos seCtion

Fieldwork was carried along a previously undescribed
road-cut that extends for ~16 km NW-SE (as the crow flies)
from south of the towns of Lefka to near Pano Pyrgos (Figs.
1, 2). The road is extremely sinuous and winds in and out of
steep-sided valleys for a total distance of ~ 40 km. Exposure
is excellent where the road cuts ridges but diminishes in the
valleys and generally in the west of the section. The most
prominent geomorphological feature is the Xeros river val-
ley which runs northwards across the road transect, to the
west of Lefka. Although mostly exposing sheeted dykes the
road twice winds northwards into the overlying Troodos ex-
trusive series.

2

Fig. 1 - Outline tectonic map of the Troodos ophiolite showing the extensional grabens within the spreading fabric and also the Arakapas Fault Zone (~ South
Troodos Transform Fault Zone). Note the locations of the study sections along the northern and southern margins of the Troodos Massif, namely the Pyrgos
road section and the south-Troodos road section. In addition, a small area of ophiolite-related in the south that is relevant to the interpretation of the Arakapas
Fault Zone is marked by the box.
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The specific aims of the fieldwork along the northern
margin of the Troodos ophiolite were:

1. To investigate the possible relationships between fault-
ing and magmatism; 2. To determine whether there is any
sequential organisation in the different types of dyke pre-
sent; 3. To investigate any possible chemical trends in the
composition of the intrusions relative to the types of intru-
sive rocks and their relative timing of emplacement; 4. To
carry out a reconnaissance of the structure of the sheeted in-
trusive rocks to determine any large-scale trends in the ori-
entation of the dykes and to compare any such trends with
better documented intrusive domains to the east (e.g., Solea
Graben).

Observations were made of the relative chronology (i.e.
cross-cutting relationships) of dykes of lithologically differ-
ent character, focusing on representative, well-exposed out-
crops. This involved making detailed sketches (with corre-
sponding photographs) and recording dyke width and
colour, dyke lithology, degree of alteration, faulting, na-
ture/style of intrusion, mineralogy, crystal-size and the type
and degree of alteration.

To provide a basic structural framework, the angles of dip

and the direction of dip of the dykes were measured system-
atically approximately every 200 m along the road section,
where exposed. This revealed great local variation in dyke
orientation. To reveal any overall trends, the local dip mea-
surements were then averaged and plotted for every few kilo-
metres along the road section, as shown in Fig. 2. This re-
vealed overall trends in the orientation of the dykes, compa-
rable with previous studies of the sheeted dykes in adjacent
areas (e.g., Moores et al., 1990). However, no attempt was
made to carry out a detailed study of the three-dimensional
structure of the sheeted complex along the road section. 

dyke lithologies

Representative intervals of the road section were studied
in detail, ranging in length from 40 m to 300 m (see 1-4 in
Fig. 2). Four distinct types of intrusion, in the form of epi-
dotised dykes, diabase dykes, gabbro, or plagiogranite were
recognised within these sections. The dyke types are de-
scribed below in order of the relative age of intrusion based
on crosscutting relations.

3

Fig. 2 - Simplified geological map of the area studied along the northern margin of the Troodos Massif (see Fig. 1). The sinuous Pyrgos road section is indi-
cated. Calculated average dip and dip directions of the sheeted dykes are indicated for different segments of the road section (nos. 1-4). Note the change from
easterly dipping dykes in the east, to westerly dipping dykes in the centre and west of the transect. The boundary between the two domains (broken line) is
correlated with the boundary btween the Stavros and Solea Grabens (see Fig. 1).
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1. Epidotised dykes.
These form ~ 18% (by number) of the sections studied in

detail. These dykes are characteristically dark green to yel-
lowish and strongly altered to quartz, epidote, calcite, pyrite
and hematite, with secondary alteration minerals (e.g., mala-
chite). Hydrothermal alteration typically affects some of the

dykes within a zone of intense alteration, which is common-
ly bounded by faults or less altered dykes (Fig. 3a, b). In
some cases the dykes have been largely altered to quartz or
epidosite, such that chilled margins and thus the dyke con-
tacts are obscured. Individual pyrite crystals within hy-
drothermally altered zones are up to 7 cm in size.

Fig. 3 - Field photographs of intrusive relations from the north-margin transect. a- Epiditotised sheeted dykes. Highly mineralised dyke material forms a trian-
gular inclusion in lower left of photograph, cut by steep mineralised dykes (centre), viewed eastwards; b- Strongly mineralised interval in which dykes are
scarcely recognisable (right and left), cut by an unmineralised (but altered) steep dyke (centre) (viewed southeastwards); c- Sill-like body of microgabbro,
possibly created by localised magma ponding (C. Xenophontos, personal communication, 2011) (viewed northwestwards); d- Fault-offset gabbro intrusion
(viewed southwestwards); e- Steeply dipping plagiogranite dyke (pale) cut by a small, relatively unaltered late-stage diabase dyke (viewed eastwards); f-
Steeply inclined plagiogranite (pale) cut by later sub-parallel diabase dykes (viewed southwards).
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2. Gabbroic intrusions. 
There are numerous examples, especially in the east of

the section, of medium to coarsely crystalline pale-coloured
gabbroic bodies, individually > 5 m wide (Fig. 3c, d). The
gabbros are mostly made up mostly of pyroxene, olivine,
plagioclase and oxide minerals (e.g., magnetite); they make
up ~ 4% of the recorded dykes. The gabbroic bodies exhibit
variable intrusive relations, ranging from large intrusions,
tens of metres across (often lacking exposed chilled mar-
gins), to others that are of similar thickness to many of the
diabase dykes (< ~ 3 m). In one case, a medium to coarse-
grained gabbro body appears to represent a sill-like intru-
sion (C. Xenophontos, personal communication, 2011).

3. Diabase dykes.
These are the most common type of intrusion, making up

~ 57% of the dykes overall (Fig. 3e; right-hand side of pho-
tograph). The dykes are fine to medium grained with a char-
acteristic greyish colour. Some examples contain porphyritic
clinopyroxene set in a groundmass of plagioclase, pyroxene,
amphibole and oxide minerals. The diabase dykes range in
thickness from 0.52 m to 3.6 m, with an average ~ 1.7 m.

4. Plagiogranite dykes. 
These comprise ~ 9% of the sections studied (see 1-4 in

Fig. 2) and are easily recognisable based on their distinctive

pale yellow/beige colour and typical mineralogy of plagio-
clase, amphibole, minor quartz and oxide minerals (Fig. 3e,
f). The plagiogranite dykes have a typical thickness of 1-2
m and are nearly always relatively fine grained. 

5. Late-stage diabase dykes. 
Although quite numerous, this type of dyke accounts for

only ~ 12% of the total thickness of the sheeted intrusive
complex in the sections studied. These dykes cut all of
above types of intrusion and also many of the N-S trending
faults. The dykes are thin (mostly < 1 m; see Fig. 3e), com-
monly sinuous and are typically injected into zones of struc-
tural weakness, for example along faults, zones of porous
fault breccia, or dyke margins. These relatively late-stage
dykes are fine grained and include pyroxene, olivine and a
higher percentage of opaque oxide minerals than the other
dyke types, based on thin section analyses. Quartz-filled
amygdales are abundant in some cases. Where weathered,
these dykes are reddish brown.

regional-sCale struCture

The relative numbers of dykes of different orientations
that are exposed along the north margin (Pyrgos) road sec-
tion are shown in Fig. 4 (see 1-4 in Fig. 2). In general, the

5

Fig. 4 - Measured orientations of sheeted dyke suites (dip and dip direction) at four representative locations along the road section (see Fig. 2 for locations 1-
4). The dykes are rotated to generally lower angles in the east, compared to the western part of the Stavros Graben. The plots also highlight the relatively late-
stage nature (i.e. steep dips) of the gabbro intrusions. The plagiogranites also appear to be relatively late-stage intrusions (also steeply dipping), and are cut by
variably inclined diabase dykes. 
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plagiogranites and the late-stage diabase dykes tend to be
more steeply inclined than the earlier-stage diabase dykes.

In the east, the section is cut and offset by three promi-
nent shallow-dipping ESE and NNE-trending faults (see
Figs. 2, 3a). The largest of these faults is characterised by a
> 10 m-wide zone of brecciation (Fig. 5b), in which the
hanging wall of the main fault plane exhibits a 3-4 m-thick
shear zone above the footwall. Two additional faults occur
structurally above this but with a smaller thickness of fault
breccia (~ 2 m) (Fig. 5c). 

The ~ NNE-SSW-trending broken line in Fig. 2 separates
two different parts of the road section in which the dykes
dip in different directions and at different angles. The dykes
in the east dip eastwards at relatively shallow angles, where-
as the dykes to the west dip westwards at generally steeper,
but variable angles. The precise contact between the differ-
ently dipping dyke domains is unfortunately not exposed in
the road section. 

Comparison with previous mapping of the periphery of
the Troodos Massif further north and northeast (Moores et
al., l990; Fig. 1) indicates that the eastward-dipping dykes
can be correlated with the well-documented Solea Graben
(Fig. 1). The three major low-angle faults, together form
part of the western margin of this important structural do-
main. The crust further west is correlated with the less well-
known Stavros domain or graben of Moores et al. (l990);
beyond this, the little-known Pomos domain extends to the
west coast of the island. Previous mapping of the Solea
Graben to the south of the Pyrgos road section, in the vicini-
ty of the Troodos plutonic complex has revealed the pres-
ence of a large extensional fault (Troodos Forest Fault; to
the south of Fig. 2) that is believed to have been active dur-
ing seafloor spreading (Hurst et al., l994). This fault, or an
equivalent, may extend northeastwards and link up with the
major extensional detachment fault zone that separates the
Solea and Stavros spreading domains in the Pyrgos road
section.

Within the Stavros Graben, the dykes initially dip at 70° to
82° towards the west (Fig. 2). In the west, where the outcrop
is better, the dykes dip at variable but commonly shallower
angles to the west (48° to 85°). In the far northwest, the road
transects a sheared outcrop of sheeted dykes with screens of
pillow lava that is correlated with the traditional Basal Group
of the Troodos Lava Series. Finally, near Pano Pyrgos, the
road traverses poorly exposed, weathered pillow lavas that
are correlated with the traditional Lower Pillow Lavas of the
Troodos Lava Series (Wilson and Ingham, l959). 

Two main sets of steeply dipping extensional faults are
recognised along the section studied, one trending parallel
to the average ~ N-S trend of the dykes and a second trend-
ing ~ E-W (e.g., see Fig. 5d). The majority of the ~ N-S
faults along the road section are assumed to be contempora-
neous with the Late Cretaceous genesis of the Troodos ophi-
olite, although some N-S steep faults are known to exist
within the Cenozoic sedimentary cover, as exposed along
the northern margin of the Troodos Massif (Kinnaird and
Robertson, 2013). The ~ E-W faults lack evidence of associ-
ated magmatism and are assumed to postdate sea-floor
spreading. Comparable ~ E-W steep faults (62°-90°) cut the
sedimentary cover along the northern margin of the Troodos
Massif to the east of the study area (Kinnaird and Robert-
son, 2013, and references therein). 

Many of the N-S-trending extensional faults (dipping at
22°-85°) show evidence of multiple phases of extensional
faulting (Fig. 5e, f). For example, well consolidated, 

hydrothermally altered fault breccias are, in places, cut by
faults that are associated with a younger set of unminer-
alised and unconsolidated fault breccias. Some of the exten-
sional faults are intruded by dykes, which were themselves
cut by later dykes, with similar or different orientations.

Five local sections that illustrate low-angle dykes and
complex crosscutting relations were studied in detail, as
shown in Fig. 6A-E (see Fig. 2 for locations). The location
of samples that were chemically analysed (LM numbers) are
also indicated.

Assuming that the dykes were intruded vertically, the
measured angle of a sheeted dyke is an indication of the
amount of rotation about a horizontal axis that has taken
place since intrusion. Where repeated dyke intrusion has
taken place, as seen within individual outcrops, successive
rotations to lower angles can be inferred. It should be noted,
however, that the relative chronology of dyke intrusion can
only be inferred within individual intact sections. Inferences
about the relative timing of dyke intrusion cannot be made
for exposures that are separated by through-going faults, for
which the offsets cannot be determined, in areas of poor ex-
posure or for the entire section of sheeted dykes (in the ab-
sence of palaeomagnetic data or absolute age data).

In Fig. 6A, the oldest event locally was the emplacement
of the protoliths of the epidosite dykes (lower right). Where
rarely observable, dip angles range from 34° to 38° (towards
224° to 249°). An additional, wedge of epidosite occurs to
the left of the epidosite dykes. The main epidosite unit was
later cut by four diabase dykes dipping from 54° to 60° (to-
wards 252° to 258°), and then by a plagiogranite dyke with
chilled margins and a steeper dip (72° towards 264°). The
fault that separates the right and left sides of the local sec-
tion appears to cut diabase and epidosite but does not affect
the plagiogranite or the youngest dykes that are chilled
against the plagiogranite. Both the plagiogranite and the
late-stage dykes appear to have exploited weakness within
the fault zone and step around an obstacle beneath. To the
left of the fault, the section is largely composed of diabase,
dipping at angles of 43° to 50° (towards 216°-243°). In addi-
tion, there are several crosscutting features: a plagiogranite
dyke (dipping at 62° towards 256°) and several dykes from
the late-stage suite, of which two exhibit injection into a
fault plane (dipping at 69° towards 253°). Two steeper dip-
ping dykes show snake-like intrusion patterns (dipping at
72° towards 243° and at 82° towards 293°).

In Fig, 6B, a striking feature is a large gabbroic intrusion
(> 10 m thick) with no observable chilled margin. A
sheared contact with diabase dykes dips at an angle of 55°

towards 258°; this appears to postdate the gabbro intrusion.
The diabase dykes dip at up angles of up to 64°. A single
plagiogranite dyke (dipping at an angle of 69° towards
278°) cuts the diabase and also a fault that itself cuts the di-
abase. In addition, several diabase dykes cut both the gab-
bro and the diabase at higher angles (64° to 78° towards
258°-280°) than the dykes that cut the plagiogranite. The
youngest dyke (furthest left) appears to have utilised weak-
nesses (possibly the adjacent fault) to facilitate upward
magma injection.

Fig. 6C reveals that the oldest event locally was the in-
trusion of diabase dykes that were transformed to epidosite.
Remnant dykes are seen to dip at angles of 34°-38°, towards
238°-248°. One epidosite dyke remnant appears to lie within
a poorly exposed gabbroic intrusion, dipping at an angle of
32° to 224°, suggesting an even earlier intrusive history.
Crosscutting diabase dykes dip at angles between 34° and
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Fig. 5 - Field photographs of fault geometries along the north-margin transect. a- Large area of eastward-rotated sheeted dykes in the westernmost part of the
Solea Graben (viewed eastwards); b- Contact zone between the Solea Graben (to the east; looking eastwards) and the Stavros Graben to the west. A thick fault
breccia zone is overlain by highly sheared dykes and then by less sheared dykes; near the Xeros River (viewed southwards); c- Rotated dyke that has been
brecciated (between the parallel solid lines), with sheared dykes above. This fault zone is hydrothermally altered and veined. Later faulting has given rise to
poorly fault breccia (below irregular solid line) (30 cm ruler for scale) (viewed southeastwards); d- Steeply inclined ~ E-W fault marked by fault breccia and
slickensides. Such faults are interpreted as the result of normal faulting that post-dated post-sea spreading (viewed southwestwards); e- Extensional shear zone
within sheeted dykes of the Stavros Graben. The throw on the lower fault is larger than the scale of the outcrop and thus cannot be measured. The colour vari-
ation reflects differences in weathering rather than lithological differences (viewed westnorthwestwards); f- Detail of the upper part of c. Dykes have been ro-
tated to a low angle and then cut by later, small-scale high-angle faults (viewed westnorthwestwards).
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42°, towards 224° to 247, showing that, in this case, little
relative rotation has taken place between the epidosite, the
gabbro and the diabase intrusions. The diabase dyke in con-
tact with the gabbroic intrusion appears to lack a chilled
margin, probably because the gabbro was still hot when in-
truded. However, a chilled margin is present where the
dyke intrudes diabase dykes. Plagiogranite and the
youngest suite of dykes show similar dips and crosscut
everything in this part of the section. Two dykes (LM 46,
LM45 and LM47) cut the plagiogranite. A large zone of
fault breccia (up to 1 m in thick) dips at an angle of 34° (to-
wards 240°), as seen in the upper levels of this section. A 1-
3 m-wide interval above the fault plane is represented by
highly sheared dykes (dipping 40° to the SW). 

In addition, Fig. 6D illustrates a relatively early epido-
tised dykes, cut by later dykes and then by relatively late-
stage plagiogranite. The large plagiogranite intrusion in the
left of the section is cut by fine-grained basaltic dykes. 

Finally, Fig. 6E illustrates dykes, which are mainly near
horizontal, cut by relatively high-angle faults. There is a
small remnant of relatively early epidotised dykes in the
right of the section. Dykes of two different generations were
apparently rotated together to a low angle and then cut by a
narrow high-angle dyke.

teCtoniC interpretation

Taken, together the observations from the road section as a
whole and the detailed information from the five sections (Fig.
6) indicate the following overall relative timing of intrusion:
1. Zones of epidotised dykes that occur as dykes, wedges

and areas around fractures represent early-stage intrusion
in all cases. These highly altered dykes are commonly at
a relatively low angle, intensely sheared and cut by less
altered, less deformed higher-angle dykes. 

Fig. 6 - A-E. Representative examples dyke
relationships, as exposed in the N-Troodos
(Pyrgos) road section. See Fig. 2 for the loca-
tions of A-E and the text for explanation. The
drawings show the relative timings of em-
placement of different types of intrusion in
different parts of the N-Troodos road section.
Samples that were analysed are numbered
(see Fig. 14). The interpretation of each of the
drawings is explained in the text. GPS WGS
84/UTM A - 473530/3883555; B -
473545/3883618; C -  471433/3884468; D -
471401/3884455; E - 471304/3884428.
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2. The larger gabbroic intrusions represent relatively early
intrusions that are chilled against diabase or epidosite
and are frequently cut by plagiogranite and by younger
crosscutting dykes. 

3. The predominant diabase dykes vary in dip. Swarms of
similarly orientated dykes (typically with > 10s of dykes
in each package) commonly crosscut each other.

4. The plagiogranites are observed to crosscut epidosite and
also the majority of the diabase dykes.

5. The thin, sinuous, commonly brown-weathering fine-
grained dykes postdate all the other types of dyke. 
The systematic nature of these phases of intrusion pro-

vides a basis for chemical comparison.

geoChemistry

The major and trace element composition of dykes from
the selected segments of the road section (1-4 in Fig. 2)
was determined by X-ray fluorescence using a previously
described method (Fitton and Goddard, 2004; Fitton et al.,
l998; see Tables 1 and 2). The specific aims of the geo-
chemical study were as follows: 1. To determine if there is
any systematic chemical variation between the different
types and phases of dyke intrusion, as summarised above;
2. Specifically, to determine if there are any overall geo-
chemical differences between the relatively early, as op-
posed to relative late diabase dykes, where these could be
determined from crosscutting relations; 3. To determine if
any overall chemical differences or trends exist along the
Pyrgos road section from east to west, specifically related
to the Solea Graben in the east and the Stavros Graben in
the west. 

Care was take to collect the most visibly unaltered and
unweathered samples for chemical analyses. 

The samples were initially studied in thin section to indi-
cate their suitability for analysis. The highly altered early-
stage dykes contain epidote, calcite, pyrite, hematite and
commonly, also secondary malachite. The hydrothermally
altered rocks were not chemically analysed in view of their
strong alteration. The typical grey diabase dykes exhibit
porphyritic clinopyroxene set in a groundmass of plagio-
clase, pyroxene, amphibole plus minor amounts of oxide
minerals (e.g., magnetite). The gabbroic intrusions comprise
pyroxene, olivine, plagioclase and also oxide minerals (e.g.,
magnetite). The plagiogranite dykes have a typical mineral-
ogy of plagioclase, amphibole, quartz and minor oxide min-
erals. The late-stage finely crystalline dykes contain pyrox-
ene, olivine and a notably higher percentage of opaque ox-
ide minerals compared to the other types of diabase dyke.
This may explain their tendency to weather to a deep brown
colour. 

In general, the dykes have undergone seafloor metamor-
phism of upper greenschist to amphibolite facies, coupled
with varying degrees of alteration, as described from other
exposure of the Troodos sheeted complex (e.g., Richardson
et al., l987; Bednarz and Schmincke, 1989; Gillis and
Robinson, 1990; Kelley et al., l992). 

The interpretation of the chemical data hinges on the use
of major and trace elements that are well established as be-
ing relatively immobile under conditions of seafloor meta-
morphism and surface weathering (e.g., Pearce and Cann,
l973; Pearce, l975; l996). 

The data were initially plotted on a rock classification dia-
gram that utilises immobile elements (Fig. 7a). This shows

that the analysed dykes lie within the field of tholeiitic basalt.
The data set as a whole can most easily be compared us-

ing MORB (mid-ocean ridge)-normalised spider dagrams
(Fig. 8A-B). When the data are plotted as relatively low-an-
gle (relatively early stage) versus high-angle (commonly
later stage) dykes the high-angle dykes are on average rela-
tively Ti-poor, although the Ti content is gradational overall
between the two dyke types of different orientation. Many
of the samples show a small negative Nb anomaly in the
spider plots (relative to adjacent elements) which is sugges-
tive of a subduction influence on magmatism (e.g., Pearce
et al., l984). 

The data were also plotted on several widely used dia-
grams that disciminate the tectonic settings of basalt gene-
sis. These diagrams are applicable to sheeted dykes but not
to the more coarsely crystalline or fractionated gabbros and
plagiogranites, which were not analysed. 

The Ti vs Zr diagram (Fig. 9), the Zr/Y vs Zr diagram
(Fig. 10), Cr vs Y diagrams (Fig. 11) and the Y vs Ti dia-
gram (Fig. 12) highlight the subduction-influenced nature of
the dykes. On the Zr/Y vs Zr diagram (Fig. 10), the high-an-
gle diabase dykes tend to be magmatically depleted, com-
pared to the lower angle dykes. A similar trend is seen on
the Cr vs Y diagram (Fig. 11), on which some of the high-
angle dykes again plot in the boninite field. The TiO2 vs
MnOx10 vs P2O5 diagram (Fig. 13) highlights the presence
of strongly depleted basalts (Mullen, l983), with many ex-
amples of both the low-angle dykes and the high-angle
dykes plotting in the boninite field. 

Fig. 7 - Zr/TiO2 vs Nb/Y rock classification diagrams. a- North-Troodos
(Pyrgos) section divided into relatively early-stage low-angle dykes and
relatively late-stage high-angle dykes; b - South-margin section (north of
Arakapas Fault Zone) divided into relatively early-stage grey dykes and
relatively late-stage brown dykes. Basalt and relatively fine-grained
basaltic dykes are also shown from near the southern end of the section,
within the Arakapas Fault Zone. Diagram modified after Pearce (1996).
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To detemine if any chemical trends exist down to the lev-
el of the outcrop scale, the compositions of the crosscutting
dykes in the five sections studied in detail (Fig. 6A-E) were
compared, as shown Fig. 14. Of these, sections (A and C
and possibly D) show overall trends from the relatively ear-
liest to the latest basic intrusions towards relatively deplet-
ed, boninitic compositions. One section (B) shows too few
cross-cutting dykes to be useful. Also, where the dykes are
rotated to low angles (e.g., section E) systematic cross-cut-
ting relations cannot be determined. In several cases, the
late-stage bonintic dykes are steeply dipping (e.g., sample
LM 20 in Fig. 6A). However, in other cases the boninitic
dykes are significantly rotated (e.g., samples LM 45 and LM
46 in Fig. 6C). 

In summary, the chemical data, based on the overall
dyke attitude in the sections studied (1-4 in Fig. 2) and the
more local, documented crosscutting relationships (A-E in
Fig. 2) suggest that the later stage, less rotated dykes are on
average more magmatically depleted, than the earlier stage,
more rotated dykes. The more depleted boninite-type extru-
sives are inferred to have fed the upper extrusive series
(Upper Pillow Lavas) of the Troodos ophiolite, which show
similar chemical compositions (Pearce, l975; Pearce and
Robinson, 2010).

12

Fig. 8 - MORB-normalised multi-element spider diagrams for different mafic dyke lithologies. a-b- from the north-Troodos (Pyrgos) section), divided into rel-
atively early low-angle dykes and relatively late high-angle dykes; c-f- from the south-margin (Arakapas) section divided into relatively early grey dykes (c),
relatively late brown dykes (d), relatively fine-grained basaltic dykes (e) and basalt (f). e and f are from near the southern end of the section. Normalising val-
ues from Hofmann (1988). See text for explanation.

Fig. 9 - Ti vs Zr tectonic discrimination diagram (after Pearce and Cann,
1973) showing diabase dykes collected from both the northern and south-
ern Troodos transects. Fields: CAB- Calk-alkaline basalt; MORB- Mid
ocean ridge basalt; IAT- Island-arc tholeiite. See text for explanation.
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Fig. 11 - Cr vs Y tectonic discrimination diagram (Pearce, 1982). a- Dia-
base dykes from the north-Troodos (Pyrgos) section; b- Dykes and basalt
from the south-Troodos transect adjacent to the Arakapas Fault Zone.
Fields: MORB- Mid-ocean ridge basalt; IAT- Island arc tholeiite; Bon-
boninite. See text for explanation.

Fig. 12 - V vs Ti tectonic discrimination diagram (after Shervais, 1982).
Diabase dykes from north-Troodos (Pyrgos) section (low-angle vs high-an-
gle dykes); also dykes and basalt from the south-Troodos transect adjacent
to the Arakapas Fault Zone. Fields: IAT- Island-arc tholeiite; MORB- Mid-
ocean ridge basalt; BAB- Back-arc basin basalt; OIB- Ocean island basalt.
See text for explanation.

Fig. 13 - TiO2 vs P2O5x10 vs MnOx10 ternary discrimination diagram (af-
ter Mullen, 1983). Diabase dykes from the north-Troodos (Pyrgos) section
(low-angle vs high-angle) and dykes and basalt from the south-Troodos
transect adjacent to the Arakapas Fault Zone. Fields: OIB- Ocean island
basalt; OIA- Ocean island alkali-basalt; MORB- Mid ocean ridge basalt;
IAT- Island arc tholeiite; CAB- Calk-alkaline basalt; Bon- Boninite. The
shaded field represents published data from the Arakapas Fault Zone, for
comparison (Gass et al., 1994). See text for explanation.

Fig. 10 - Zr/Y vs Zr tectonic discrimination diagrams (after Phillips-Lander
and Dilek, 2009). a- diabase dykes from the north-Troodos (Pyrgos) section;
b- dykes and basalts from the south-Troodos transect adjacent to the Arakapas
Fault Zone. MORB- Mid-ocean ridge basalt; IAT- Island arc tholeiite. The
shaded field represents previous data from the Arakapas Fault Zone, for com-
parison of the boninitic rocks (Gass et al., 1994). See text for explanation.
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south-troodos seCtion

An exceptionally well exposed ~ N-S road section was
studied through the sheeted complex (Fig. 1). Approaching
from the south, the section of sheeted dykes extends from
Kalo Chorio in the centre of the Arakapas valley, then turns
eastwards to Zoopigi, following the road F139. The section
terminates in massive gabbro in the north (Fig. 15). The
south-Troodos section samples progressive higher levels of
the oceanic crust from north to south owing to the ~ E-W
orientation of the dykes near the Arakapas Fault Zone.

The objectives of the fieldwork in this section were to
characterise the magmatic and structural character of the
road section, in a manner similar to the Pyrgos road section
in the north. In particular, well-exposed sections of the out-
crop along the road were documented for lithology, cross-
cutting relationships and the dip and strike of dykes. Given
the proximity to the Arakapas Fault Zone, attention was giv-
en to the orientation and kinematic relations of faults. Since
the section is much shorter than the Pyrgos road section, an
attempt was made to document as many of the faults as pos-
sible. The outcrop ranges from nearly continuous in the

northern and central portions of the section, to discontinu-
ous in the south. Numerous local outcrops were studied (133
in all), in which 256 dykes were described and documented,
including width and orientation.

Local lateral variation in the sheeted fabric was assessed
by studying outcrops along a dirt road to the east of the road
section (halfway along the transect; Fig. 15). Outcrops were
also briefly examined to the east and the west of the road
section and within the Arakapas Fault Zone, for comparison.

The road section studied is ~ 5 km to the west of a sec-
tion from which Bonhommet et al. (1988) obtained palaeo-
magnetic data. The section studied by these authors section
allowed palaeomagnetic sampling for tens of kilometres
from south to north. The interval of sheeted dykes is shorter
in the section studied by us. However, the exposure is bet-
ter, especially of the critical southerly part near the Araka-
pas Fault Zone. On a regional scale the two sections are suf-
ficiently close to be interpreted together. 

dyke lithologies

Below, the road transect is described, working upwards
through the crust (i.e. from north to south). The northern end
of the transect is characterised by a kilometre-sized body of
spheroidally weathered, massive gabbro, as previously
mapped (Gass et al., l991; Fig. 15). The gabbro is made up
of altered olivine, plus intergrown clinopyroxene, which is
partially replaced by chlorite. Uralite and magnetite are also
present. The gabbro is juxtaposed with sheeted dykes to the
south by a poorly exposed low-angle fault zone.

The most northerly part (lowest crustal levels) of the
sheeted complex is almost entirely made up of grey sheeted
diabase dykes (Fig. 15) dipping to the southwest at ~ 20°.
Steeply dipping, brown diabase dykes occasionally cut the
predominant grey diabase dykes. In addition, dark dykelets
(< 20 cm wide) intrude a few pre-existing faults. To the
south, the sheeted diabase dykes include screens of quartz-
bearing microgabbro (up to 2 m across), of locally variable
grain size. The microgabbro is crosscut by grey diabase,
which is in turn crosscut by brown diabase dykes. The gab-
bro is predominantly fine grained but also contains inclusions
of coarser material of similar mineralogy. The composition is
largely feldspathic with minor quartz crystals, together with
minor altered clinopyroxene, chlorite and medium-grained
magnetite crystals. The gabbro is cut by numerous veins of
hydrothermally derived quartz. Small angular gabbro xeno-
liths occur within some of the diabase dykes (Fig. 16a).

Further south (~ 1 km south of the gabbro; Fig. 15), the
dykes become wider, on average, and relatively more abun-
dant until they make up the bulk of the outcrop. Several
dykes are cut by quartz-veined breccia (30 cm-1 m wide) of
hydrothermal origin. This veining was followed by faulting. 

Further south again (~ 3 km south of the gabbro; Fig.
15), screens of plagiogranite appear in association with
faults. Although screens of plagiogranite and gabbro are
both present, outcrops in this part of the section are domi-
nated by grey and brown diabase dykes. Both the grey and
the brown dykes vary in colour, size and orientation.

Moving southwards (~ 6 km south of the gabbro), the
relative abundance of different lithologies varies from out-
crop to outcrop (see Fig. 16 a-c). Plagiogranite and gabbro
bodies are typically bounded by faults. Plagiogranite is oc-
casionally present as small (< 30 cm), angular inclusions
with chilled margins against gabbro. The gabbro is inferred

Fig. 14 - Geochemical progression in Cr vs Y in the composition of cross-
cutting dykes in selected sections of the Pyrgos road section, north Troo-
dos margin (see A-E in Fig. 6; see also Fig. 2 for the location of the sec-
tions. Sections A and C show an overall trend towards a boninitic-type
composition (see Fig. 11).
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to have intruded and dissected a relatively large pre-exist-
ing plagiogranite body. Study of the dirt road to the east re-
vealed little lateral variation within the sequence (Fig. 15),
suggesting that the road section is representative of a wider
area. 

The plagiogranites exhibit a groundmass of mostly quartz
(50-55%) and plagioclase, plus occasional magnetite. Large
phenocrysts of quartz and feldspar are commonly present,
together with small quantities of chlorite (commonly located
between crystals). Less quartz-rich varieties are classified as
tonalities, with quartz (30-35%), plus plagioclase (albite)
and also minor amounts of hornblende. Magnetite makes up
~ 5-10% of the rock and is locally associated with chlorite. 

Southwards again (> 10 km south of the start of the sec-
tion; Fig. 15), the lithologies continue to vary in abundance,
with the plagiogranite being intruded by gabbro, then by
grey diabase dykes and finally by brown diabase dykes (Fig.
16 b-d).

Within 2 km of the Arakapas Fault Zone, plagiogranite
disappears, while dark coloured, relatively fine-grained
basaltic dykes become common, both as fine-grained
aphyric basalt and as coarser-grained plagioclase-phyric
basalt. In one place basaltic material is found as angular in-
clusions (< 60 cm across) within massive gabbro. 

The exposure degenerates towards the southern end of
the section. The sheeted dykes give way to pillow lavas over
< 30 m, although a clear contact is not exposed. The south-
ern end of the road transect is dominated by basaltic pillow
lavas that are occasionally intruded by basaltic or boninite-
type dykes (0-10% of the outcrop). Further east, towards the
town of Arakapas, the fault zone includes pillow basalt, lava
breccia, hyaloclastite and isolated dykes (Simmonian and
Gass, l978; Gass et al., l994). 

Throughout the section, brown diabase dykes generally
cut grey diabase dykes (e.g., Fig. 16b, c, d). The grey dia-
base dykes are similar to those of the Troodos sheeted com-
plex as a whole, as observed in the northern transect (see
above). The brown dykes occur either individually or as
swarms. The individual brown dykes vary in width from 0.5
to 3 m. Both the grey and the brown dykes show very vari-
able orientations, especially towards the Arakapas Fault
Zone. In some sections both the grey and the brown dykes
are similarly inclined (Fig. 16c, f), whereas in a few exam-
ples, the late-stage brown dykes are inclined at low angles
(Fig. 16b, d), suggesting very strong horizontal-axis rota-
tion. In addition, the brown dykes are commonly sinuous
and may even bifurcate, deviate, end abruptly or exploit
faults or other zones of weakness. 

15

Fig. 15 - Outline map of the road section
studied north of the Arakapas Fault Zone,
showing rose diagrams of grey and brown
sheeted dykes, averaged for 1 km intervals.
The late-stage brown dykes show a progres-
sive swing to a more E-W direction towards
the Arakapas Fault Zone, whereas the rela-
tively early grey diabase dykes show a more
complex pattern (see text for discussion).
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Fig. 16 - Field photographs of lithologies and structures along the road section studied to the north of the Arakapas Fault Zone. a- Small xenoliths of gabbro
within grey sheeted diabase dyke; b- Typical grey sheeted dykes that are transected by a late-stage brown dyke at a low angle. Such relations indicate a com-
plex rotation history; c- Classic outcrop (ideal for teaching), which shows early plagiogranite, cut by grey diabase dykes and then by brown diabase dykes.
Towards the southern end of the transect (opposite a small blue industrial building); d- Irregular late-stage brown dykes cutting more steeply dipping grey
dykes and plagiogranite, indicative of multistage rotation; e- Grey diabase dykes cut by small-scale listric extensional faults, which have been intruded by pla-
giogranite and re-faulted; f- Complexity of faulting affecting high-angle dykes. Plagiogranite is cut by grey dykes and then by brown dykes, which together
are crosscut by planar extensional faults.
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To determine if any trends exist, the recorded dips of
the grey versus the brown dykes were averaged for differ-
ent parts of the section, as shown in Fig. 17. In general, the
average dips of both the grey and the brown dykes increas-
es towards the Arakapas Fault Zone. In addition, the aver-
age dip of the brown dykes is ~ 15° steeper than the grey
dykes. The gabbro intrusion is cut by occasional, widely
spaced, fine-grained diabase dykes (1-3 m thick), dipping
at ~ 60-80°. The gabbro is cut by steeply inclined shear
planes and also by small normal faults, with displacements
of < 1 m. 

One kilometre south of the gabbro body, and within the
gabbro body itself, the grey dykes are orientated generally
NNE-SSW (Fig. 15). Grey dykes are sparse (< 4 per kilo-
metre) in the northernmost 1 km of the section, south of the
gabbro body, and also in the southernmost 2 km of the tran-
sect near the Arakapas Fault Zone. A weak NE-SW trend is
detectable in the mid part of the section including the dirt
road extending eastwards. Beyond 6 km south of the mas-
sive gabbro the grey dykes show a more E-W orientation.
In contrast, the brown dykes are less variable in orientation
(Fig. 15).

The grey dykes are invariably crosscut by brown dykes
rather than vice versa (Fig. 18a and c). The local crosscut-
ting relations imply that grey dykes were originally rotated
about an assumed horizontal axis and then cut by the brown
dykes. Some of these dykes were later rotated in the oppo-
site direction to produce the present geometry (e.g., Fig.
18b), again assuming originally near-vertical intrusion.
However, elsewhere both sets of dykes commonly tend to
be sub-parallel (Figs. 16c; 18b).

faults

The N-S road section is cut by numerous faults of differ-
ent scale and orientation (Fig. 16e - f). Fault orientations
and crosscutting relations were recorded wherever possible
(e.g., see Fig. 18a - c). 

Small-scale faulting is ubiquitous throughout the sections
studied, with a large variation in fault type, fault orientation
and fault displacement. Some 127 faults were recorded
within the road section. Of these, 83 show observable kine-
matic relationships in the form of measureable fault offsets,
directional slickensides or imbrication within fault breccia.
The most common fault type is normal (extensional) faults

of which 30 were recorded. Outcrop-scale, curved (listric)
extensional faults were occasionally observed (see Fig.
16c). Some 15 reverse faults were noted. In addition, some
49 strike-slip faults were recorded (Fig. 19), most of which
are represented by shear zones that have unclear senses of
movement. Ten of the strike-slip faults are represented by
left-lateral faults whereas only one right-lateral fault was
documented.

The late-stage brown dykes are cut by normal faults, to-
gether with a small number of reverse faults and strike-slip
faults. However, many faults lack kinematic constraints.
Mutual crosscutting relationships are rare such that a rela-
tive chronology of fault phases could not be inferred, except
very locally. However, the rotation of the grey dykes rela-
tive to the brown dykes implies that extensional faulting
must have occurred prior to the injection of the brown dykes
and in some cases again afterwards to rotate brown dykes to
low angles (see Figs. 16b and 18a, c).

The distribution of the different fault types in relation to
their distance from the Arakapas Fault Zone is plotted in
Fig. 20, although it must be emphasised that the sense of
movement on the majority of the faults is unknown. There
are few obvious trends in the data from north to south.
However, sinistral strike-slip fault zones are more abundant
towards the Arakapas Fault Zone, whereas normal faults
are relatively more abundant further north towards the mas-
sive gabbro. The contact with the gabbro body corresponds
to a marked increase in the intensity of shearing which is
interpreted as the expression of an extensional (or transten-
sional) detachment. The data were also plotted on stere-
onets although this did not reveal meaningful patterns, re-
flecting the complexity of faulting and the scarcity of fault
kinematic data.

geoChemistry

Eleven samples of relatively unaltered typical grey dia-
base dykes and seven of typical brown diabase dykes were
chemically analysed (see Tables 3 and 4). In addition, six
samples of relatively fine-grained, basaltic dykes were also
analysed. One sample of boninitic lava from the Arakapas
Fault Zone was also analysed for comparison with the
analyses published by Gass et al. (l994). Several samples of
plagiogranite, olivine gabbro and quartz gabbro were also
analysed (Cooke, 2013) to aid rock type identification.

17

Fig. 17 - Average dip angle of brown and
grey diabase dykes in relation to distance
from the Arakapas Fault Zone. The late-stage
brown dykes are generally more steeply dip-
ping than the early-stage grey dykes, espe-
cially towards the fault zone.
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Fig. 18 - Annotated field photographs demonstrating multi-phase intrusive and structural relationships along the south-Troodos road section. 
A-A- 4 km south of the gabbro (in the north) showing late-stage, E-W orientated, brown dykes cutting older grey diabase (orientated NE-SW). Both dykes cut
plagiogranite; the entire outcrop underwent faulting with the formation of fault breccia. 
B-B- Along a dirt track to the east of the section studied, 5 km south of gabbro (in the north). Early plagiogranite is transected by dark grey diabase. The pla-
giogranite is also cut by light grey diabase, which shows fault displacement (25 cm). The intrusions are orientated ~ E-W. 
C-C- 3-4 km south of the gabbro (located in the north). Relatively early-stage grey diabase dykes cut by a light brown low-angle diabase dyke (2 m thick).
This was, in turn, cut by a thin black dyke and then reverse faulted (with a throw of 1.6 m). Darker brown dykes then intruded the outcrop at orientations of
163°/65°N and 158°/81°N (strike and dip).
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The specific aims of the analyses were as follows: 1. To
test for any systematic chemical changes from north to
south in the section; i.e generally upwards through the crust;
2. To test for any systematic chemical variation within indi-
vidual, locally intact sections; 3. To determine if any of the
dykes could be feeders for the well-documented boninitic
lavas exposed within the Arakapas Fault Zone; 4. To com-
pare the northern and southern Troodos margin data sets to
determine if any significant differences exist, specifically
related to proximity to the transform fault zone. 

Within the dykes generally, the crystals are slightly
aligned, resulting in a sub-trachytic texture. The grey dia-
base dykes locally contain olivine, together with plagio-
clase, clinopyroxene and rarely orthopyroxene. Olivine is
commonly pseudomorphed by chlorite. Chloritisation is

prevalent as fibrous chlorite and peninite (blue chlorite).
Uralite is also present, plus secondary epidote, green fibrous
actinolite and opaque magnetite. The later stage brown dia-
base dykes are predominantly plagioclase and clinopyrox-
ene-phyric. Augite is largely replaced by uralite. Radiating
chlorite crystals are present, rarely together with epidote and
common opaque minerals (e.g., magnetite). Plagioclase is
typically altered to a mottled texture. The grey diabase
dykes appear to contain a higher abundance of chlorite com-
pared to the brown diabase, which may reflect greater de-
grees of hydrothermal alteration (see Staudigal et al., 1986).
As in the northern section, brown-weathering dykes contain
a relatively high abundance of opaque iron-rich minerals
compared to the grey dykes, which may again explain their
red colour, where oxidised.

For ease of comparison the data were plotted on the
same types of diagrams as the north-margin transect. On
the rock classification diagram, the lithologies plot in the
Tholeiitic basalt field (Fig. 7b), although two samples plot
in the Andesite/Basalt field. The rock compositions are
more scattered than for the north-margin diabase (Fig. 7a).
The Ti values in the south-margin lithologies mostly lie in
the same range as the north-margin data set, although sev-
eral of the grey and and brown dykes are relatively en-
riched in Ti and Zr (see Tables 3 and 4).

The MORB-normalised spider plots (Fig. 8c - f) show
that that the compositions of the grey dykes and the brown
dykes, although variable, lie within a similar range, suggest-
ing that they were fed from chemically similar magmas. On
the Ti vs Zr diagram (Fig. 9) the grey diabase dykes plot
quite coherently, whereas the later-stage brown dykes are
scattered. The grey dykes are compositionally similar to the
small number of basaltic extrusives analysed from the
southern end of the section, within the Arakapas Fault Zone.
On the Zr/Y vs Zr diagram (Fig. 10b) and also on the Cr vs
Y diagram (Fig. 11b), the grey and brown dykes show no
clear differences overall. For comparison, previously
analysed dykes from the Arakapas Fault Zone (Gass et al.,
1994) are marked as a shaded field in Fig. 10b. Some exam-
ples of both the grey and the brown dykes plot in the boni-
nite field. 

The dykes and basalts show a marked subduction influ-
ence on the geochemical diagrams (e.g., negative Nb anom-
alies in Fig. 8c - f). This is further highlighted on the V-Ti
diagram on which the south-margin samples straddle the
IAT and the MORB + BAB field, with around half of the
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Fig. 19 - Rose diagram of the orientations of strike-slip faults, as mea-
sured along the road section to the north of the Arakapas Fault Zone (10°
class intervals; number of measurements indicated by radius); see text for
explanation.

Fig. 20 - Abundances of the different fault
types in relation to distance from the Araka-
pas Fault Zone. Left-lateral (sinistral) faults
are most abundant towards the fault zone,
while right-lateral (dextral) faults are very
rare. (Note: no faults were recorded ~ 1 km
from the fault zone as a result of limited ex-
posure along the road section). 
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samples plotting outside the recognised fields. On the TiO2

vs MnOx10 vs P2O5 diagram both the grey and brown dykes
plot in the boninite or the island arc field (Fig. 13).

When the north and south Troodos data sets are taken to-
gether and compared, several points emerge: on the the Ti
vs Zr diagram (Fig. 9) the north-margin dykes are slightly
enriched in Ti relative to Zr compared to the south-margin
section. On the Zr/Y vs Zr diagram (Fig. 10) the north Troo-
dos margin dykes are slightly enriched in Zr compared to
the extrusives of the south-Troodos section. On the Cr-Y di-
agram (Fig. 11a - b) the two data sets are similar. However,
the north-Troodos relatively low-angle dykes (mostly grey
diabase) tend to be relatively depleted in Cr vs Y compared
to the grey diabase dykes from the south-Troodos data set.
A greater proportion of the south-Troodos samples are high-
ly depleted and plot in the boninite field compared to the
north-Troodos data set.

disCussion

Below, we discuss the implications of the northern tran-
sect for spreading processes and the implications of the
southern transect for both spreading and transform processes.

spreading processes

The present study demonstrates the role of extension in
relation to the lithology and the geochemistry of the differ-
ent types of intrusion. In the eastern segment of the north-
Troodos section, where the dykes are on average steeply
dipping, extension and magma supply are inferred to have
been approximately in balance during the construction of
this part of the sheeted complex. In the western segment
where the dykes are on average less steeply inclined, in
these areas extension in assumed to have exceeded magma
supply, at least locally, favouring horizontal-axis dyke rota-
tion. In the west, the major east-dipping, low-angle shear
zone, which is correlated with the eastern margin of the
Solea Graben, implies an episode of intense extension. This
extension appears to have post-dated magmatism at least lo-
cally because the shear zone as a whole is not cut by dykes.

The data collected on the sheeted complex in the two ar-
eas are relevant to the evaluation of several alternative tec-
tonic-magmatic models of sea-floor spreading in the Troo-
dos ophiolite.

Steady state spreading from a single spreading axis
In this interpretation, sea-floor spreading proceeds by

regular dyke intrusion at a very narrow spreading axis 
(< 10s of metres), with the dykes rotating as they cool and
subside away from the spreading axis. Preferential one-way
chilling directions, as reported from the sheeted dykes, as-
sumed this type of ‘infinite onion’ spreading model (Kidd
and Cann, 1974). High-temperature hydrothermal alteration
occurs near the spreading axis in this interpretation, while
major normal faulting to form half-grabens takes place at
the ridge flanks (Cann and Gillis, 2004). Consistent with
this model, in the north Troodos (Pyrgos) road section, min-
eralised diabase screens are cut by later less mineralised or
unmineralised dykes. There is, therefore, no support in this
particular section for the concept that high-temperature hy-
drothermal alteration and massive sulphide genesis was dri-
ven by late-stage, off-axis intrusion (Varga and Moores,
l990; Bettison-Varga et al., 1992; Varga et al., l999). 

The most obvious debateable point concerning the first
model, above (steady-state spreading) is that the sheeted
dykes are disposed in several large-scale, variably dipping
fault blocks which have been interpreted as discrete tectonic
grabens (e.g., Varga and Moores, l985; l990). A more con-
sistent dip in the same direction (eastwards) would be ex-
pected if regular spreading had taken place from a single
spreading axis located to the west of the present outcrop.
Also seemingly inconsistent with the first model are the pat-
terns of intrusion of gabbro and plagiogranite, which were
both preceded and succeeded by voluminous sheeted dia-
base intrusion in different exposures. Such relationships are
explicable utilising the concept of multiple small magma
chambers, as inferred by the mapping of the plutonic core of
the Troodos Massif (Malpas, 1990).

Multi-stage spreading related to switching spreading axes
Mapping of a large part of the northern Troodos area has

revealed that the sheeted dykes dip inward to form morpho-
logical grabens in several areas (Fig. 1). Spreading initially
created an axial graben, as represented by the Solea Graben
that was later abandoned, with the formation of a new
spreading axis up to several tens of kilometres away (Varga
and Moores, l985; l990). Spreading was inferred to have
jumped episodically eastwards, mainly based on the east-
ward dip of sheeted dykes exposed between the Solea and
Mitsero (~ Epiphanios) Grabens. Based on structural study,
the Solea Graben was interpreted to have formed during
seafloor spreading or shortly afterwards (Hurst, l994). 

spreading from a single spreading axis, punctuated by
structural-magmatic discordances 

In this model, morphological grabens were created by the
interplay of magmatism and extension at a single spreading
axis (Allerton and Vine, l987). High magma supply resulted
in structurally coherent, steeply dipping spreading fabrics,
whereas relatively low magma supply triggered extensional
faulting and the development of regionally extensive detach-
ment faults, which were inferred to have been located near
the base of the sheeted dyke complex. The Solea Graben was
noted to be an asymmetrical feature, extending ~ 10 km to
the west of the graben axis but only 3-4 km to the east of this
structure. The western boundary of the graben was reported
to abut a relatively simple area of nearly vertical dykes, al-
though this statement now needs to be qualified in view of
the additional information provided here for the Pyrgos road
section within the Stavros Graben. In the east, the graben
was bounded by strongly faulted, generally eastward-dipping
dykes reflecting the development of a structural detachment
between sheeted dykes and underlying gabbros. This detach-
ment was modelled as being regionally extensive and over-
lain by variably tilted fault blocks within the northern Troo-
dos area (Allerton and Vine, l987). The Solea Graben was
interpreted as part of the larger-scale western flank of an in-
termediate-rate to fast spreading ridge. 

There are several debateable aspects of above model.
First, there is a need to infer an important role for antithetic
faulting (i.e. fault blocks that are forward-rotated rather than
back-rotated relative to the spreading axis). In this interpre-
tation the spreading axis is assumed to have migrated east-
wards with time, which requires the relatively short section
of east-dipping dykes of the Solea Graben (compared to the
west-dipping dykes) to have resulted from antithetic fault-
ing. The dyke orientations in the vicinity of the Mitsero 
(~ Epiphanios) Graben imply a more complex geometry
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than a simple graben, which could be consistent with off-ax-
is extension and magmatism (Van Everdingen and Cawood,
l985). Major extensional detachment faults separate the
sheeted dykes from massive gabbro in some areas (e.g.,
Lemithou; western Troodos) but not in others (e.g., Mitsero
and Mathiati areas; northern Troodos). In the core of the
Troodos Massif, mantle rocks are faulted against gabbro
along the Amiandos Fault, which is interpreted as a deep-
level detachment that developed near the intersection of the
southward extension of the Solea Graben with the Arakapas
transform fault zone (Nuriel et al., 2009). The evidence,
therefore, suggests that a single through-going extensional
detachment is unlikely to be present throughout the Troodos. 

Allerton and Vine (1991) subsequently adopted an inter-
mediate position between the single spreading axis model
and the multi-spreading axis model. They envisaged that
spreading originated in the vicinity of the present Solea
Graben, whereas the Mitsero Graben was created by off-ax-
is magmatism and tectonic extension to the east of the ridge
axis. This was followed by eastward relocation of the
spreading ridge to the Larnaca Graben (less well exposed),
while generally amagmatic extension continued within the
Solea Graben to create its present asymmetrical morpholo-
gy. This interpretation further suggests that relatively late-
stage amagmatic extension may have been important in the
Troodos ophiolite generally (see also Gee et al., 1993). 

The direction of spreading has also been debated. The
spreading axis was assumed to lie to the west of the Troodos
by Kidd and Cann (l974) based on their statistically deter-
mined direction of preferential one-way chilling. The
method was found difficult or impossible to apply to the
north Troodos margin section studied because of common
hydrothermal alteration of dyke margins or complex intru-
sion history where relatively low-angle dykes are present. 

Several lines of evidence are seemingly inconsistent with
a simple one-way chilling process. Interpretation of seismic
refraction data from the northern Troodos Massif (Maguire
et al., 2000) has revealed a series of large-scale, down-to-
the-west normal faults that could be correlated with two ma-
jor down-to the-west extensional fault zones with the north-
Troodos outcrop (e.g., Kakopetria Fault of Hurst et al.,
l994). Troodos lavas are inferred to thicken into these faults
suggesting a contemporaneous origin related to sea-floor
spreading. However, this simple pattern of steep faulting is
inconsistent with the variably orientated, commonly in-
clined to low-angle faults that are mapped in the field (e.g.,
Allerton and Vine 1991, and references therein). Important
~ N-S faults are known to cut the sedimentary cover (e.g.,
Kinnaird and Robertson, 2013). Some of these faults could
correspond to the structures inferred based on seismic re-
fraction data (Maguire et al., 2006) rather than reflecting
original sea-floor spreading structures. The seismic refrac-
tion data are, therefore, not a problem for the preferential
one-way chilling model (Kidd and Cann, l974).

It has also been suggested that the sedimentary cover
deepened eastwards across the Troodos ophiolite, based on
the time when the Troodos extrusives were first covered by
Cenozoic pelagic sediments (Cann and Gillis, 2004). This re-
lationship, if valid, would be consistent with the spreading
axis being located to the west of the Troodos outcrop, as in
the preferential one-way chilling model (Kidd and Cann,
l974). However, the depositional relationships of the base of
the Cenozoic cover sequence may not support this interpreta-
tion. The sedimentary evidence shows that the northern mar-
gin of the Troodos existed as a relative bathymetric high dur-

ing the Campanian-Maastrichtian, while a bathymetric low
existed along its northwestern margin, which was infilled
with up to 750 m of volcanogenic sediments, represented by
the Kannaviou Formation (Robertson, l977b; Gilbert and
Robertson, 2013). The southern margin of the Troodos was
also a relatively low area of seafloor allowing thick
hemipelagic and volcanogenic clays to accumulate during
the same time period (Moni Clay; see Robertson, l977c).
Considerable tectonic re-organisation of the bathymetry of
the Troodos oceanic crust is likely to have accompanied the
emplacement of the Mesozoic Mamonia Complex in western
Cyprus and the Moni Mélange in southern Cyprus prior to
the onset of regional pelagic carbonate deposition during the
Maastrichtian (see Robertson, l977a; 1977b; 1977c; 1990). 

Ridge relocation, as in the model of Allerton and Vine
(1991), requires any new spreading centre to have transected
already crystallised segments of sheeted dykes. This, in turn,
implies large-scale intrusion of pre-existing crust, which
should be associated with high-temperature hydrothermal al-
teration. However, such hydrothermal effects were not ob-
served at the boundary between the Solea and Stavros
Grabens during this study. The field evidence instead sug-
gests that the boundary between these two grabens experi-
enced strong relatively late-stage amagmatic extension.

In summary, the evidence for the relative location of the
spreading axis remains inconclusive based on evidence from
the sheeted dykes. However, the field evidence is supportive
of episodic relocation of the spreading axis towards the east
in present co-ordinates, coupled with (or followed by) a
strong component of amagmatic extension. Spreading of the
Troodos above a subduction zone (e.g., Pearce and Robin-
son, 2010) requires the locus of spreading to have migrated
towards the subduction zone, as consequence of rollback of
the subducting slab. Slab rollback could have resulted in in-
stabilities in spreading and also in amagmatic extension.

magmatism assoCiated With 
the arakapas transform fault zone

The relatively large plagiogranite bodies in the southern
part of the south-Troodos section intruded at a relatively ear-
ly stage, in contrast to the north-Troodos transect in which
plagiogranites were intruded at a mid to late stage (see
above). In the section studied, the plagiogranite outcrops de-
crease in relative abundance and then disappear northwards,
away from the Arakapas Fault Zone. The original dimen-
sions of the plagiogranite intrusions are impossible to specify
because they are fragmented by later dyke intrusion; howev-
er, the likely scale was tens, to hundreds of metres across.
Plagiogranites also cut sheeted dykes within the Arakapas
Fault Zone, as exposed south of Arakapas (Gass et al., 1994).
Small gabbroic bodies were also intruded into the sheeted
dykes within the section studied at a relatively early stage.
The occurrence of the plagiogranites could reflect the ease of
intrusion of highly fractionated magmas into severely frac-
tured crust within (and near) the transform fault zone. 

The late-stage brown dykes are much thicker and more nu-
merous than the comparable brown dykes in the northern tran-
sect. Both the grey sheeted dykes and the late-stage brown
dykes were fed by magma of similar composition based on
the geochemical data. Boninite-type dykes occur only locally
in the southern transect near the Arakapas Fault Zone, in
which boninite-type dykes and boninite-type extrusives occur
extensively. The boninite-type lavas are considered to have
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erupted at a relatively late stage after complex deformation
of the underlying crust (Gass et al., l994). The related mag-
mas are inferred to have been created by high degrees of
partial melting of previously depleted mantle in a water-rich
setting above a subduction zone (Cameron, l985; Murton,
l989; Gass et al., l994). 

The late-stage dykes, represented by the commonly
brown-weathering, isolated dykes have undergone clock-
wise rotations (about a vertical axis), which on average in-
crease southwards, until the dykes run parallel to the Araka-
pas Fault Zone in the south. The structural evidence further
indicates a complex history in which relatively early grey
dykes near the Arakapas Fault Zone experienced initial rota-
tion (about an assumed horizontal axis). The brown dykes
were then injected, presumably vertically. This was fol-
lowed by rotation of both sets of dyke in the opposite direc-
tion of the previous tilting (again about an assumed horizon-
tal axis). This differential tilting is not evident further north
away from the Arakapas Fault Zone and is thus likely to re-
late to movements along the transform fault zone. 

sense of movement along 
the arakapas transform

The sense of movement along the Arakapas Fault Zone
continues to be debated, utlising three main alternative mod-
els, as follows:

1. Left-lateral slip between right-offset spreading axes
(Fig. 21a)

The swing in dyke direction towards the transform is ex-
plained by intrusion in a transtensional setting (sigmoidal
stress regime) in which the dykes were orginally intruded in
a progressively E-W direction approaching the transform
(i.e. the ‘leaky transform’ model of Simonian and Gass,
l978). This is consistent with the evidence of intrusion in an
extensional or transtensional setting, as noted above. On the
other hand, the palaeomagnetic evidence shows that the
dykes in the nearby section were rotated clockwise after they
crystallised (Bonhommet et al., l988). Sheeted dykes in the
eastern Troodos (Lefkara area) have also undergone clock-
wise rotations about steeply inclined axes (Allerton, l988;
Allerton and Vine, 1990). In addition, a study of sheeted
dykes which form tectonically bounded bodies within the
Arakapas Fault Zone has shown that some of these have
been significantly rotated in a clockwise direction (Morris et
al., 1990; MacLeod et al., l990). Similar clockwise rotations
have also been recorded within the inferred extension of the
Arakapas Fault Zone into western Cyprus (Morris et al.,
l998). These results show that clockwise rotation affected a
much longer segment of the palaeo-transform fault zone than
only the Arakapas Fault Zone exposed in southern Cyprus.
In addition, more recent palaeomagnetic studies have identi-
fied clockwise rotations throughout large areas of the Troo-
dos Massif (Abelson et al., 2002; Granot et al., 2006; Bor-
radaile and Gauthier, 2006; Scott et al., 2012).

2. Right-lateral slip at a left-offset spreading axis (Fig. 21b)
The palaeomagnetically determined clockwise rotations,

as summarized above, are interpreted to be a response to
simple shear (i.e. frictional coupling) between the Troodos
plate and the inferred oceanic plate to the south (in present
co-ordinates). The rotations are inferred to have taken place
during transform faulting (Morris et al., 1990). The clock-

wise rotations originated at, or near, the ridge-transform in-
tersection within hot, thin crust. One apparent problem is that
the propagation of simple-shear stress from the transform to
the spreading axis might be expected to have impeded dyke
intrusion. However, the limited structural evidence from the
section studied is suggestive of an extensional, or transten-
sional setting, which would have facilitated dyke intrusion.

Alternatively dyke rotation might theoretically have tak-
en place only after intrusion had ended, in response to a
change from pure strike slip to transpression. This could
have involved transpression within the transform and/or
along a fracture zone outwith the offset spreading axes.
Such a corresponding change in stress regime could con-
ceivably have been associated with the well-documented an-
ticlockwise palaeorotation of the Troodos ophiolite (Clube
and Robertson, l986; MacLeod, l990; Murton, l990). On the
other hand, the latest Cretaceous pelagic sedimentary cover
of the Arakapas Fault Zone, as represented by the Santonian
to Campanian-aged Perapedhi Formation, shows no evi-
dence of contemporaneous compressional (or transpression-
al) deformation in the vicinity of the Arakapas Fault Zone
(Gass et al., 1994; Robertson, l997b). The clockwise block
rotations are instead likely to have originated at an early
stage, close to the ridge-transform intersection.

An apparent problem with the dextral strike-slip model
(Fig. 21b) is that a number of oceanic transforms and related
fracture zones, including the Clipperton, Pitman, MARK, At-
lantis and Kane fracture zones include some segments in
which the inferred spreading fabric is suggestive of anti-
clockwise rotation at a right-slipping transform and vice ver-
sa (e.g., Gallo et al., l986; Macdonald et al., l986; Livermore
et al., l991; Karson and Lawrence, l997 a; 1997b; Blackman
et al., 1998; Sonder and Pockalny, l999; Smith, 2013). In
these settings, the spreading fabric is generally seen as being
defined by the regional-scale trends of abyssal hills or fault
lineaments, as identified using swath bathymetry. The deflec-
tions of these fabrics towards transform faults can be consid-
ered to be broadly comparable to the swing in dyke trend to-
wards the Arakapas Fault Zone. Such swings in ocean floor
fabrics have been explained by extension (transtension) with-
in the active transform offset or by late-stage transpression,
either within or outwith the active transform offset zone (e.g.,
Livermore et al. l991; Sonder and Pockalny, 1999). A trans-
pressional model for the seafloor fabric swing would, howev-
er, require a change in the slip direction relative to the active
transform that is not documented. 

3. Left-lateral slip at a right-offset spreading axis (Fig. 21c)
Cann et al. (2001) propose a mechanism that achieves

clockwise dyke rotation at a left-slipping transform. Multiple
clockwise rotations are envisaged as taking place within an
inside corner strip at the locus of a change from extension to
strike-slip (Fig. 21c). This is viewed as being comparable
with listric faults being rotated through 90°, with the footwall
representing the transform. The authors see this process as
being analogous to removing sets of books from a bookshelf
one after the other, while the remaining books slip round to
progressively lower angles. They cite an example of compa-
rable geometry from the northern segment of the left-slipping
Dead Sea Transform, where clockwise solid-block rotations
occur along transtensional fault plays (Ron and Eyal, l985).
Assuming that the Dead Sea example is correctly interpreted,
this mechanism is, however, unlikely to be generally applica-
ble to intra-oceanic transform faults. In contrast, simple ball-
bearing-type rotations are documented in several areas of hy-
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phen deformation, including the Eastern Transform Ranges
of the San Andreas Fault system (e.g., Nicholson et al.,
l986a; 1986b). The intra-continental setting of the mecha-
nism proposed by Ron and Eyal (l985) may not be applicable
to oceanic ridge-transform intersections, for example the
MARK area (e.g., Karson and Lawrence 1997a; 1997b), or
the Atlantis Transform (Cann et al., l997; Blackman et al.,
1998). In such oceanic areas extensional exhumation to form
large-scale detachments (‘megamullions’) appears to take
place along kilometre-scale low-angle, corrugated, detach-
ment surfaces rather than along localized extensional fault
splays, as in the intracontinental setting proposed by Ron and
Eyal (l985). The corrugations appear to be linear in the

oceanic settings, rather than curved, and there are few signs
that small-scale blocks rotate as exhumation takes place, as
inferred for the intracontinental setting discussed by Ron
and Eyal (l985). In consequence, direct comparisons be-
tween the observed swings in crustal fabrics near modern
oceanic transform faults and the dyke swing towards the
Arakapas transform may well be unrealistic.

The limited structural evidence studied from the section
north of the Arakapas transform (i.e. sinistral strike-slip
faulting), at first sight is seemingly incompatible with model
2 (right-lateral slip along the transform), but more consistent
with models 1 and 3. However, in the right-lateral slip mod-
el (model 2), the sinistral faults can be explained by left-lat-
eral faulting that is thought to accompany larger-scale
clockwise block rotations within zones of distributed defor-
mation (Ron et al., 1986). A similar mechanism has been
used to explain localized to regional-scale faulting in the in-
tracontinental Aegean region (McKenzie and Jackson,
1986). A similar mechanism was also used to explain the
faulting within the Arakapas transform (MacLeod and Mur-
ton, l993; 1995), although it should be pointed out that pub-
lished kinematic fault data remain sparse. It should also be
noted that continuum-type models (e.g., Scott et al., 2012)
may be applicable to cases, possibly including the Arakapas
Fault Zone, where blocks are relatively small and where ro-
tational stress increases towards a major bounding surface
(e.g., Lamb, l987). 

In summary, the presently available structural and
palaeomagnetic data are consistent with right-lateral slip at a
left-offset spreading axis (Fig. 21b).

role of extension Within the transform

Several factors suggest that an extensional setting existed
in the vicinity of and within the Arakapas transform during
the time of clockwise dyke rotation: 1. Preferential intrusion
of plagiogranite at an early stage, compared to the minor lat-
er stage intrusion along the northern margin of the Troodos
Massif; 2. Intrusive relations of the late-stage brown dykes
(e.g., sinuosity, bifurcation and space infill); 3. Relative
abundance of boninite-type magmatism, possibly reflecting
the ease of egress into the transform zone; 4. The presence of
numerous normal faults throughout the road section studied. 

A key feature of the left-slipping, right-offset transform
model (Fig. 21c) is the inferred existence of major low-an-
gle extensional faults (extensional detachments). A major
low-angle extensional detachment fault, the Akapnou Forest
Detachment has indeed been mapped within the eastern out-
crop of the Arakapas Fault Zone (MacLeod, 1990). This
fault zone separates upper crustal units made up of sheeted
dykes, plus subordinate extrusive rocks or gabbro from un-
derlying ultramafic rocks, which are mostly serpentinised
harzburgite. 

Rather than occurring specifically at the spreading ridge-
transform intersection, MacLeod (1990) inferred that low-
angle faulting continued over a long period, both prior to
and during the accumulation of the Late Cretaceous (San-
tonian-Campanian) deep-sea sedimentary cover; i.e. for >
10 Ma after spreading of the Troodos ophiolite (around ~ 90
Ma; Turonian), as dated by Mukasa and Ludden (l987). It
has also been suggested that the related extension relates to
the relatively late-stage anticlockwise rotation of the Troo-
dos ophiolite (see Murton, l990), as dated by Clube and
Robertson (l986) and Morris et al. (1990).

25

Fig. 21 - Alternative tectonic models for the South Troodos Transform
Fault Zone. a- ‘Leaky transform’ model implying left-lateral slip along the
transform; b- Simple shear (frictional rotation) model implying right-later-
al slip along the transform; c- Formation in the inside corner strip detach-
ment of a ridge-transform offset zone, implying left-lateral slip. See text
for literature sources and explanation.
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Palaeomagnetic studies of sheeted dykes to the north of
the Arakapas Fault Zone, to the west of the area studied; i.e.
in the Mandria area (MacLeod et al., 1990) and also to the
east of the area studied, in the SE Troodos (Allerton, l988)
show that relatively early dykes were rotated to a greater
amount than crosscutting, later dykes. According to Gass et
al. (l994), the main clockwise rotations pre-dated the late-
stage boninite-type magmatism. A fault-disrupted unconfor-
mity is mapped within the transform zone, between rotated
non-boninitic magmatic rocks and less rotated or non-rotat-
ed overlying boninitic rocks (lavas and dykes), utilising
structural and palaeomagnetic data. In the section studied
here, the relatively late-stage brown dykes show increasing
vertical-axis rotations towards the Arakapas transform (Fig.
15). The dyke rotation is inferred to have taken place at the
ridge-transform intersection (non-boninitic), followed by
boninitic magmatism within the transform fault zone in an
extensional or transtensional setting. 

Cann et al. (2001) further infer that major extension took
place at a very early stage at the spreading axis-transform
intersection. They compare the extension to that observed
along modern transform faults, such as the Atlantis Trans-
form (Cann et al., l997; Blackman et al., 1998). Cann et al.
(2001) cite the occurrence of serpentinite clasts within sedi-
ments of the inferred upper plate of their detachment as evi-
dence that the lower plate was exposed and eroded on the
ocean floor. However, such ultramafic material has so far
been reported only very locally from along the southern
margin of the Limassol Forest Block (near Akrounda) (Gass
et al., l994). Rather than being serpentinite-rich the clastic
sediments within the transform zone are dominated by
basalt and diabase (Simonian and Gass, l978; Gass et al.,
l994). Fine-grained ferruginous sediments that are interbed-
ded with lavas lack geochemical evidence of an ultramafic
provenance (e.g., high Cr; high Ni) (see Robertson, l978).
On the other hand new evidence that is presented below
shows that ultramafic rocks were indeed emplaced within
the transform zone if it is accepted that this included serpen-
tinite lineaments which are exposed within the Moni
Mélange further south.

Cann et al. (2001) inferred the presence of three exten-
sional detachments based on a reinterpretation of the geo-
logical map of the eastern outcrop of the Arakapas Fault
Zone, as published by Gass et al. (l991). The extensional
faults were inferred to cut downwards through the ophi-
olitic pseudostratigraphy towards the west, implying down-
to the-west extension. This would be compatible with ex-
tensional exhumation taking place at the western inside
corner strip of a ridge-transform intersection (see Fig. 21c).
Whether any original down-to-the west extensional fault
blocks would have survived the clockwise rotations docu-
mented by Morris et al. (1990) is debatable. The interpreta-
tive sections of Cann et al. (2001) appear to differ signifi-
cantly from the original mapping published by Gass et al.
(1991), for example in the structural order and thus kine-
matic significance of some units (e.g., west of Pevkos). The
detachment surface was described by MacLeod (1990) as a
single regionally extensive horizon that dips southwards at
angles of several degrees rather than as three separate dip-
ping detachments, as inferred by Cann et al. (2001). It
would be useful to remap the area in question and obtain
additional fault kinematic data to help distinguish between
the different interpretations. 

The interpretations of right (westward)-slipping exhuma-
tion along a right-offset ridge-transform intersection (Cann

et al., 2001) might theoretically be reconciled with clock-
wise rotations resulting from ball-bearing-type rotations but
only if a change in slip direction from left lateral to right lat-
eral had taken place. Strike-slip reversal has been suggested
in view of the reported evidence of opposing fault-slip di-
rections within the Arakapas Fault Zone (Grand et al., l993).
However, most of the presently available structural evidence
(MacLeod and Murton, l993; l995, and this study) is consis-
tent with right-lateral slip within the transform fault zone as
a whole, as in Fig. 21b.

Localised angular discordances and soft-sediment defor-
mation of the Santonian-Campanian-aged metalliferous um-
bers and radiolarites (Perapedhi Formation) within the
Arakapas Fault Zone, are locally observable above sea-floor
sedimentary basaltic breccias (e.g., at Drapia and Layia)
(Robertson, l975; MacLeod, 1990). Such features could re-
flect reactivation of the Arakapas Fault Zone in a fracture
zone setting outwith the offset spreading axes. One option is
that the sediment instability was a consequence of the Cam-
panian-Early Eocene anticlockwise rotation of the Troodos
microplate (Morris et al., 1990; Morris, l996). 

transform-related oCean-floor 
exhumation

Despite the apparent difficulties with the outside corner
detachment model (Cann et al., 2001; Fig. 21c), when the
adjacent region to the south is considered there is additional
evidence of ocean floor exposure of transform related crust.
The Arakapas Fault Zone is widely considered to extend
over several tens of kilometres from the bounding Arakapas
Fault in the north to near, or beyond, the edge of the sedi-
mentary cover in the south (Clube and Robertson, l986;
Gass et al., l994; Cann et al., 2001). The inferred, opposing
oceanic plate (‘anti-Troodos plate’) has been largely re-
moved and tectonically replaced by the Late Cretaceous
Moni Mélange (Robertson, l977c; Clube and Robertson,
l986). The Moni Mélange includes ~ east to west-trending
fault-bounded strips of dominantly serpentinised harzburgite
(Robertson, l977c; Fig. 1). These rocks have been correlated
with the Arakapas Fault Zone or its lateral extension, as
recognised in western Cyprus (Robertson, 1977b; Clube and
Robertson, l986; Morris et al., l998). 

To investigate the role of the serpentinised harzburgites
within the Moni Mélange the best-exposed area (north of
the junction between the roads to Pyrgos and Parekklisia)
was mapped in detail, as shown in Fig. 22. The outcrop is
dominated by mantle harzburgite, and is cut by minor gab-
broic, to locally pegmatitic dyklets, similar to those exposed
in places within the Arakapas Fault Zone (e.g., N of
Akrounda). The serpentinite and the dyklets are cut by a
network of dilational veins (mostly centimetres wide) which
are infilled with fine-grained pink calcilutite. The network
of veins affects the entire outcrop, reflecting an original
thickness of tens of metres of oceanic crust. This sediment
is interpreted as pelagic carbonate, although thin sections
did not reveal any preserved microfossils, possibly owing to
difficulties of preservation (e.g., diagenetic dissolution).
Similar fine-grained carbonate sediment has been found in-
filling fissures, for example off Newfoundland, in the lower
plate of an oceanic extensional detachment along the rifted
North Atlantic margin (Robertson, 2007). 

The fissured plutonic rocks (Fig. 22) are covered, de-
positionally, by debris-flow deposits, up to 10 m thick.

26

01Robertson 1_COLORE_Layout 1  03/07/14  09:20  Pagina 26



The clasts in these coarse deposits are dominated by serpen-
tinised ultramafic rock, plus gabbro and rare chromitite, to-
gether with chaotically deformed inclusions of metalliferous
sediments (umber). Individual serpentinite and gabbro clasts
range from sub-angular to sub-rounded and are up to tens of
centimetres in size. Some of the clasts include sediment-in-
filled fissures. The metalliferous sediment (umber) is
smeared out within the matrix-supported conglomerates
showing that it was redeposited while still poorly consoli-
dated. On the other hand, basaltic clasts are absent from the
debris flows, which is surprising because elsewhere the met-
alliferous umbers of the Troodos ophiolite are underlain by
extrusive rocks (e.g., Robertson, 1975). Redeposition of um-
ber would be expected to have entrained lava debris. After
formation, the debris-flows were sheared and internally
faulted. The ophiolitic body as a whole is in tectonic contact
with mudrocks making up the matrix of the Moni Mélange
(Fig. 22), which is dated as late Campanian-early Maas-
trichtian (Lord et al., 2000).

It is inferred here that the serpentinite and its associated
lithologies (Fig. 22) formed within the general setting of the
oceanic transform fault zone. The original location of for-
mation of the fissured and sedimented-over mantle could
have been near its present position to the south of the
Arakapas Fault Zone, which would imply that the basaltic
lavas of the ‘anti-Troodos’ plate (to the north of the Moni

Mélange) belong to the transform fault zone as a whole. Al-
ternatively, the exhumed mantle could have originated along
a lateral extension of the transform, presumably to the east,
assuming model b in Fig. 21 (in present co-ordinates). In ei-
ther case, the strip of depleted mantle was tectonically in-
corporated into the Moni Mélange. 

The field relations, therefore, show that ultramafic rocks
of inferred transform affinities were exhumed to the ocean
floor and fissured in an extensional (or transtensional) set-
ting. This was followed by pelagic carbonate infill of the
fissure system.

The area of exposed ultramafic crust is likely to have
been restricted to the transform fault zone. However it be-
came exposed, the depleted mantle rocks are likely to have
been directly covered by metalliferous sediments, which
elsewhere cover lavas. This, in turn, implies that depleted
mantle was already exposed on the seafloor sufficiently near
to the spreading axis to be directly covered by hydrothermal
metalliferous sediments. The exhumed ultramafic rocks, to-
gether with their inferred metalliferous sediment cover,
were then locally reworked on a rugged seafloor as serpenti-
nite-dominated debris flows and sands. The exhumed ser-
pentinite and its conglomeratic cover were then strongly
sheared, possibly related to tectonic incorporation into the
Moni Mélange during late Campanian-early Maastrichtian
time. 
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Fig. 22 - Geological map of part of an elongate ophiolitic inclusion within the Late Cretaceous Moni Mélange to the south of the Arakapas Transform Fault
Zone (see Fig. 1). The field relations document exhumation, seafloor exposure and erosion of mantle harzburgite within an inferred oceanic transform setting.
See Fig. 1 for location and the text for explanation.
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The available evidence, therefore, suggests that a broad
transform fault zone lay to the south of the Troodos plate (in
present co-ordinates) and that this was associated with rela-
tively early stage (i.e. pre-late Campanian) ocean floor ex-
tension or transtension, leading to localised crustal exhuma-
tion, exposure and erosion of mantle rocks on the seafloor.
The overall setting is compatible with a left-offset spreading
axis, as in model B in Fig. 21, but with a greater amount of
extension than previously envisioned.

ConClusions

Related to the north-Troodos sheeted complex:
1. Sheeted dyke orientation changes from eastward dipping

to westward dipping in the vicinity of a major shear zone,
correlated with the western margin of the Solea Graben.

2. Hydrothermally generated epidosites with disseminated
sulphide formed relatively early in the relative chronolo-
gy of intrusion.

3. Minor plagiogranite dykes intruded after much intrusion
and extensional faulting, but still near the spreading axis.
Dyke intrusion was followed by pronounced amagmatic
extension, for example forming the boundary between
the Stavros and Solea Grabens.

4. There is a general magmatic trend towards highly deplet-
ed boninite-type magmatism which is assumed to have
fed the Upper Pillow Lavas.

Related to the south-Troodos margin and the adjacent
Arakapas Transform Fault Zone:
5. Plagiograntites intruded early as relatively large bodies

(> 10s m), followed by localised intrusion of gabbro and
then by predominant grey sheeted dykes; these were fol-
lowed by isolated brown dykes and rare boninitic dykes
(in the south). 

6. Despite, their different appearances in outcrop, both the
grey and the brown dykes are made up of compositional-
ly similar tholeiitic basalts.

7. The measured clockwise swing in dyke trend towards E-
W indicated that rotation (about a vertical axis) took
place after dyke intrusion in the section studied. In addi-
tion, early-stage grey dykes and late-stage brown dykes
are indicative of complex rotations (locally in opposing
directions) near the Arakapas transform. 

8. Faults with observable kinematic indicators are common-
ly left-lateral and tend to be orientated sub-parallel to the
Arakapas transform to the south. The left-lateral faults
are compatible with the clockwise rotation of large-scale
tectonically bounded blocks.

9. Field evidence from an inferred extension of the Araka-
pas transform zone, now within the Late Cretaceous
Moni Mélange, is indicative of the exhumation, exposure
and submarine erosion of oceanic mantle harzburgite
(and minor gabboic rocks). 

10. The Troodos sheeted complex formed at an unstable
spreading axis above a subduction zone. The spreading
was accompanied or followed by regionally distributed
amagmatic extension. The spreading crust was bounded
by a right-slipping transform fault zone, which includes
evidence of extensional exhumation of mantle rocks.
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