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Abstract

The calcareous sedimentary cover of the Troodos Ophiolite Complex dips gently away from the Troodos Complex. It has

rare, usually open folds and, locally, stylolitic cleavage (S1). Stylolitic cleavage is 050% more e�ective than primary bedding-
stylolites in removing matrix and the variation in the S1 vergence directions are compatible with gravitational sliding radially
away from the Troodos range and into sedimentary basins. Two di�erent types of magnetic fabric, anisotropy of magnetic
susceptibility (AMS) and anisotropy anhysteretic remanence (AARM), reveal the sequence of preferred orientations of di�erent

minerals, and the vergence of their magnetic foliations with respect to bedding reveals the sense of over-shearing of the
stratigraphic sequence. AMS de®nes crystallographic alignments of clay minerals and dimensional alignments of magnetite in the
limestones. AARM isolates the preferred dimensional orientation of magnetite. Although traces of magnetite dominate the bulk

susceptibility, its anisotropy is low in comparison with phyllosilicates so that AMS essentially records the clay-fabric.
Throughout the study area, AMS foliation indicates S-vergence and AMS lineation indicates N±S extension. AMS foliation-
vergence indicates shearing of the entire sedimentary cover southward from Troodos. This motion is attributed to gravity sliding

controlled by regional uplift to the north. In contrast, AARM foliation indicates a subsequent ESE vergence due to later
WNW±ESE extension. The NNE, AARM lineation is a composite of bedding and tectonic fabric contributions that do not
directly yield a faithful extension direction. The shapes of the magnetic fabrics indicate that AMS (clay) fabrics have a broad
range of shapes about the neutral ellipsoid shape, whereas AARM (magnetite) fabrics are bimodal, with equally developed

bedding-oblate and tectonic linear±planar �L � S� components. Hysteresis properties, plotted on a new three-dimensional
diagram, show clearly that the magnetite has a pseudosingle domain response, so there is no reason to expect complications
from inverse fabrics due to single-domain magnetite. Moreover it shows that hysteresis properties vary systematically with

depositional depth, re¯ecting systematic changes in magnetite granulometry with sedimentary environment. # 2000 Elsevier
Science Ltd. All rights reserved.

1. Introduction

Cyprus occupies a unique position in the Eastern

Mediterranean, providing key information on the evol-

ution of Tethys and microplate motion in that region

from its four geological and tectonic elements (Figs. 1a

and 2). During the Permian, shallow water limestones

accumulated on the northward dipping shelf of Gond-

wanaland, now exposed in the Kyrenia Terrain (Fig.

3). Triassic rifting of the northern margin of Gond-

wana may have separated the Kyrenia terrain; it cer-

tainly isolated rocks of the Mamonia terrain on the

edge of a microcontinent (Robertson, 1990; Fig. 3).

Through the Jurassic and Early Cretaceous the

southern or Neo-Tethyan Ocean opened continuously,

accompanied by a subordinate eastward motion of the

African continent with respect to Eurasia. During the

Mid-Cretaceous (0119 Ma), the African plate veered

northward (Dewey et al., 1973; Dilek et al., 1990) initi-

ating subduction in the region of Cyprus (Fig. 3a). By

the late Cretaceous the Troodos terrain was located in

a supra-subduction sequence and the terrains that now
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comprise Cyprus began to rotate counterclockwise
(Fig. 3d); by the Paleocene about 608 rotation was
complete and subduction had ceased on the present
south side of Troodos (Eaton and Robertson, 1993;
Fig. 3b). By the Miocene, subduction was reinitiated
on the present day Cyprean arc (Fig. 3c). In the recon-
structions of Fig. 3, it is important to note that present
day north and south are shown in all cases; the actual

orientation of the terrains was inferred paleomagneti-
cally and is summarized in Fig. 3(d) (Clube and
Robertson, 1986). In the late Pliocene all terrains
united and emerged (Robertson, 1977; Robertson and
Woodcock, 1979, 1986).

Cyprus is renowned for its well-exposed ophiolite
sequence, in the Troodos Mountains. A mantle
sequence of harzburgite±lhertzolite is overlain by a

Fig. 1. (a) The four main geological regions of Cyprus. (b) The outcrop location map of the study area. Dots indicate outcrop locations.
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complex of (now) N±S dikes that indicates the original
ocean ¯oor spreading direction, although the ophiolite
sequence has since been rotated 908 anticlockwise (Fig.
3d). It is succeeded by pillow lava, and then a pelagic,
but gradually shallowing, limestone sequence. The
ophiolite sequence started to form090 Ma ago accord-
ing to radiolarian biostratigraphy (Blowe and Irwin,
1985) and from U±Pb ages of plagiogranite in the
Troodos mantle sequence (Musaka and Ludden, 1987).
The Troodos terrain was formed within 20 km of a
spreading axis, in a supra-subduction setting between
two trenches (Fig. 3a). The chalks immediately over-
lying the pillow lava sequence reveal a progressive ro-
tation of the Troodos microplate of 908 anticlockwise
over 25 Ma, from the Late Cretaceous to the Early
Eocene from paleomagnetic studies (Clube and
Robertson, 1986). Also, by the Eocene, the Mamonia
and Troodos terrains docked, both being overlain by
the Lefkara Limestones (74±24 Ma; Robertson and
Woodcock, 1979; Fig. 3b).

The ocean basin to the north closed during the Plio-
cene, and in the Pleistocene the three terrains and its
sedimentary cover were uplifted on a regional scale,
the e�ects of uplift being recorded 250 km o�shore
east of Cyprus (McCallum and Robertson, 1990).

However, localized uplift at the centre of the Troodos
ophiolite terrain was severe and radial (Robertson,
1977). It is attributed to dilational uplift by serpentini-
zation, superimposed on the regional compression
(Robertson, 1990).

2. This study

We have focused on the microstructural features of
the limestone cover sequence in order to determine the
roles of compression and uplift in the late tectonic
evolution of Cyprus, and in particular on events re-
lated to uplift of the Troodos terrain. Our information
derives from the stratigraphic sequence overlying the
ophiolite, comprising the upwards-shallowing lime-
stone formations: Lefkara (74±24 Ma), Pakhna (24±
8 Ma) and Nicosia (8±5 Ma). We will provide evidence
concerning the bedding, cleavage, and two asynchro-
nous magnetic fabrics in the circum-Troodos cover.
The data have been analyzed in di�erent subareas, but
for the purposes of ease of representation, which does
not change the interpretation, we chose six regularly-
shaped rectangular subareas fringing the SW, S and SE
margins of the Troodos terrain.

Fig. 2. Principal tectonic elements of Cyprus.
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With the exception of very small, localized areas,
less than a few kilometres in dimensions, the largest of
which is the Yeresa fold and thrust belt, near Limassol
(Fig. 2), distinctive tectonic folds are absent. Rock
cleavage is however well developed and is of the stylo-
litic spaced type. This is nevertheless axial planar to
small folds and to the rare, usually open larger folds.
Bedding is little disturbed so that cleavage stylolites
are distinguished easily from bedding stylolites. Clea-
vage stylolites are generally 50% thicker than bedding
stylolites and clearly o�set bedding (Fig. 4). They
attest to extensive pressure solution in the pelagic
sequence during its deformation after bedding-styloliti-
zation and at a more indurated point in its history.
The extensive removal of carbonate that formed S1

makes it easy to understand the penetrative nature of
reorientation of mineral grains that are detected by
magnetic fabric methods, below.

Fig. 5 shows the orientations of bedding and S1 in
each subarea. The bedding-poles cluster strongly, indi-
cating the gentle dips, radially away from the Troodos
Mountains of central Cyprus. The S1-poles are less
convincingly clustered for two reasons. First, S1 is
only locally developed and relatively few observations
are possible. Secondly, it is by nature a rough clea-
vage, with poor directional stability. Subsequently,
however, we will show that the vergence of S1, deter-
mined from the local angular relations of S1 with
respect to bedding, are consistent within each subarea,
but di�erent between subareas.

Thus, conventional ®eld structures yield relatively
little information on the penetrative deformation of
the sedimentary cover, which is of interest to us in
understanding the kinematics of regional deformation.
Structures such as joints and some faults generally in-
dicate late stage brittle responses that cannot be easily

Fig. 3. (a±c) Block diagrams showing the tectonic evolution of Cyprus. N and S refer to the present North and South with the map view of the

tectonic elements in their present orientation (mainly from the work of Robertson, 1990). (d) The rotations of the cover rocks and the underlying

tectonic units as revealed by paleomagnetic studies (Clube and Robertson, 1986).
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related to long-term regional deformation patterns,
although they have been investigated in Cyprus
(Lapierre et al., 1988; Orsag-Sperber et al., 1989;
Grand et al., 1993; Payne and Robertson, 1995). For
this reason, we supplemented the observations on sty-
lolitic cleavage, the only ®eld microstructure that
reveals penetrative strain (Fig. 5), with rock-magnetic
techniques that de®ne cryptic alignments of minerals.

3. Magnetic fabrics

Mineral alignments, de®ning a planar±linear fabric
(schistosity±lineation, or S±L ) could be described by
ellipsoids re¯ecting the orientation distribution of crys-
tallographic axes. The same arguments can be applied
to grain shapes giving rise to the L±S fabric scheme of
Flinn (1965). It is important to remember that such
fabric types run a smooth spectrum from oblate (S )
through ¯at-shaped �S > L), neutral �S � L), con-
stricted �S < L� to prolate (L ). Since a single, penetrat-
ive orientation±distribution of crystal or grain shapes
is congruent with an ellipsoidal shape it may have only
axial or orthorhombic symmetry (Flinn, 1965). Con-
trasting views arise from the common misapplication
of the description of Turner and Weiss (1963), of com-
bined, competing subfabrics, and one may still read
reports of `monoclinic' or `triclinic' fabrics. Moreover,
since magnetic fabrics are described by a magnitude
ellipsoid representing the second-order tensor of low
®eld susceptibility, they are invariably orthorhombic or
axial (Owens, personal communication, 1999).

In many rocks the preferred orientations of minerals
may be subtle, due to ®ne grain size or inherently low

shape-anisotropy of the grains. In the limestones that
we have studied, the small grain size would preclude
much progress being made by traditional Universal
stage studies with the petrographic microscope to
determine the orientation±distribution of calcite (e.g.
Knopf and Ingerson, 1938).

Magnetic methods are now known to be successful
in revealing the fabrics of many types of rocks: sedi-
mentary rocks, igneous rocks, metamorphic rocks and
weakly strained sedimentary rocks (Tarling and
Hrouda, 1993; Borradaile and Henry, 1997). The
power of the magnetic method is that it can determine
the preferred orientation of all grains in a sample in a
few minutes. The typical cylindrical sample has a
volume of 11.5 cm3 so that in the case of our ®ne-
grained, pelagic limestones, the mean orientation is
determined for thousands of grains.

The most common method measures the anisotropy
of the sample's susceptibility to induced magnetism.
The power of this method is its speed; about 3 min per
sample. Common rock-forming silicates normally have
mean susceptibilities < 2000 mSI and commercially
available equipment such as the Sapphire Instruments
system or the AGICO Kappabridge easily produce a
precision of < 1 mSI so that the sensitivity is high. In
terms of fabric directions, the 95% con®dence limits
about the principal directions are commonly < 58 for
routine work on tectonic fabrics such as those in
slates. Referred to as AMS, anisotropy of magnetic sus-
ceptibility, the procedure involves the application of a
weak ®eld (00.1 mT) to avoid any signi®cant perma-
nent magnetization of remanence-bearing phases such
as magnetite. We apply the ®eld in seven di�erent
directions that include body-diagonal (h111i) direc-
tions. This choice of directions provides seven
measurements from which the tensor of low ®eld sus-
ceptibility anisotropy is determined (Borradaile and
Stupavsky, 1995).

The interpretation of AMS involves the assessment
of the relative contributions of three types of magnetic
behaviour and each mineral may respond in one of
those three ways, according to its composition. To ap-
preciate this, we must start by considering the mean or
bulk susceptibility, setting aside anisotropy for simpli-
city. The ®rst type of physical response, diamagnetism,
is universal. This yields a weak negative susceptibility
�0ÿ 14 mSI� and it is the only response from minerals
such as calcite, quartz and feldspar, although in-
clusions may easily mask the diamagnetism. The sec-
ond is the paramagnetic response, shown by the
majority of rock-forming silicates, such as clays, micas,
and ma®c silicates in general. This is parallel to the
applied ®eld and is thus positive. Its value varies with
the mineral structure and composition but for most
rock-forming minerals it does not normally exceed
�2000 mSI: For clay minerals in our limestones the

Fig. 4. Sketches show the o�set of `primary' bedding stylolites by

tectonic S1 stylolites. Tectonic stylolites are at least 50% thicker, in-

dicating that tectonic pressure solution was much more e�ective in

removing limestone matrix than the diagenetic processes that pro-

duced bedding-stylolites.
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paramagnetic response is a few hundred mSI. The third
response comes from minerals that can carry perma-
nent magnetization, loosely referred to as ferromag-
netic. In our limestones, magnetite traces, probably
derived from the magnetosomes of fossil magnetotactic
bacteria (e.g. Butler, 1992) are the signi®cant rema-
nence carriers, although goethite and hematite may be
present as minor weathering products. The suscepti-
bility of magnetite is very high, from 2� 106 to
5� 106 mSI, so that negligible traces o�set the contri-
butions from a diamagnetic calcite matrix, or a para-
magnetic clay mineral fabric even though those
minerals are much more abundant. Therefore, in-
terpretation of AMS must take into account relative
abundances, mean susceptibilities and anisotropies of
minerals. The magnitudes of AMS sometimes re¯ect

more the rock composition than intrinsic fabric inten-
sity (Borradaile, 1987). The di�erences in the mineral
anisotropies may be considerable; sheet silicates have
high anisotropies, whereas those of calcite and quartz
are low (Hrouda, 1986; Borradaile and Werner, 1994;
Borradaile and Henry, 1997; Hrouda et al., in review).
The weak anisotropy of magnetite is controlled by
grain shape rather than crystallographically due to its
high susceptibility and the e�ects of its demagnetizing
®eld.

The principal AMS directions cannot always be
interpreted literally as the principal directions of any
particular mineral fabric (e.g. Woodcock, 1977),
because the whole-rock AMS is the result of multiple
minerals, each with di�erent magnetic responses,
di�erent anisotropies and perhaps with di�erent orien-

Fig. 5. Orientations of bedding (S0) and stylolitic cleavage (S1) grouped in six domains in the sedimentary cover of southern Cyprus. (Lower

hemisphere, equal area stereonets.)
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tation distributions (Borradaile and Henry, 1997).
These complications are all the more relevant where,
as in this study, some minerals have a sedimentary fab-
ric and others a tectonic one: their orientation distri-
butions blend their individual AMS contributions into
those of the sample's AMS. Moreover, even for a
monomineralic rock the principal directions of the ani-
sotropy ellipsoid only represent the Eigen directions of
the mineral orientation distribution; they cannot be
interpreted literally as ®nite strain directions, although
there may be some correlation (Borradaile, 1991). The
noncoaxiality of most ®nite strain histories (e.g. Ram-
say, 1967; Ramsay and Huber, 1983) may give rise to
the same problem. In some rocks, the principal direc-
tions may correspond to stress orientations at the time
of crystal nucleation and have little to do with ®nite
strain (Borradaile and Henry, 1997).

Using the fact that some accessory minerals, mostly
iron oxides and some iron sulphides bear a remanence,
a new dimension has been added to the study of mag-
netic fabrics in recent years (Jackson, 1991; Jackson
and Tauxe, 1991; Rochette et al., 1992). This measures
the anisotropy of successively arti®cially applied rema-
nences, in di�erent directions. Early studies used direct
®eld remanences (isothermal remanence magnetization,
IRM) and although this is usually successful it risks a
nonlinear susceptibility response if the ®eld has to be
increased greater than, say 10 mT, to achieve measur-
able remanences (Daly and Zinsser, 1973; Borradaile
and Dehls, 1993). Consequently a more elaborate tech-
nique, anisotropy of anhysteretic remanence (AARM)
was developed to use a small applied ®eld 00.1 mT
(McCabe et al., 1985). To permit this small ®eld to
produce a signi®cant remanence it is applied while the
sample is exposed to a steadily decaying alternating
®eld. The DC ®eld thus biases the scattering of spin
moments during alternating ®eld demagnetization. We
applied ARM in seven directions and from the rema-
nences produced in each direction the ARM tensor
was determined and thus the AARM ellipsoid, com-
parable to the AMS ellipsoid. The details of our tech-
nique, including a discussion of the problems of inter-
step demagnetization may be found in Werner and
Borradaile (1996). In this study, the DC bias ®eld was
applied during the decay of the AF from a peak value
of 60 mT to 0 mT: pilot studies showed that this suf-
®ced to saturate the magnetite component in the lime-
stones.

In this study, although all samples bear evidence of
magnetite content, only 201 of the 1170 limestone
samples carried enough magnetite to yield a well-
de®ned AARM that permitted comparison with AMS.
For the purposes of interpretation, our rocks are in
this instance quite simple. AMS combines the pre-
ferred crystallographic orientation fabric of clays with
a preferred dimensional orientation fabric for magne-

tite grain shapes. On the other hand, AARM isolates
the preferred dimensional orientation of magnetite.
Elsewhere, an algebraic technique has been attempted
to subtract the AARM tensor from the AMS tensor
(Borradaile et al., 1999) but it requires a sensitive nor-
malization procedure and the absence of any super-
paramagnetic contribution (Hrouda et al., in review);
it was unsuccessful in this study.

4. Magnetic mineralogy

Our investigation of magnetic mineralogy has chie¯y
used susceptibility measurements (Sapphire Instru-
ments induction coil) and hysteresis measurements
(Princeton Measurements Micromag). The latter pro-
vide hysteresis loops that, when corrected for the sus-
ceptibility of the diamagnetic or paramagnetic matrix,
compare with published values for pseudosingle
domain (PSD) magnetite (Table 1). From the hyster-
esis parameters Hc (coercivity), Hcr (coercivity of rema-
nence) and the ratio of zero ®eld remanence to
saturation remanence (Mr/Ms) we are able to recognize
this behaviour for 170 samples. These data are nor-
mally presented on two types of plots (Wasilewski,
1973; Day et al., 1977). However, we ®nd it convenient
to combine these into a single three-dimensional plot
(Fig. 6). This shows us that single-domain magnetite is
absent: this is fortunate because it produces inverse
fabrics (kMAX parallel to the short grain axis, etc.) that
could complicate petrofabric interpretation (Rochette
et al., 1992). It is evident according to all criteria that
the magnetite shows a large pseudosingle domain re-
sponse and therefore we can expect the AMS contri-
bution of magnetite to re¯ect faithfully its orientation
distribution. In fact, inverse fabrics, or composite
inverse±normal fabrics due to single-domain magnetite
are very rare, and the extreme possibility that some
small PSD grains could cause inverse fabrics is still
less probable.

A further value of the three-dimensional hysteresis
plot is the clari®cation of trends. Fig. 6(e) shows that
the regression surface becomes progressively shallower
(Mr/Ms lower with respect to both Hc and Hcr) as the
depth of deposition becomes shallower. This may be
due to changing proportions of bacterial vs. clastic
magnetite as the depositional environment changes
(Butler, 1992; Borradaile et al., 1993b).

We determined the susceptibility of the matrix that
supports the magnetite inclusions from the slope
correction of the hysteresis loops (e.g. Richter and van
der Pluijm, 1993; Borradaile and Werner, 1994).
Although the chalks and limestones are invariably
white, their clay content is su�cient that 88% of the
samples show a paramagnetic matrix susceptibility due
to the paramagnetism of the clays, dominating over
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the diamagnetism of the calcite matrix. The remaining
12% of samples have negative susceptibilities, where
diamagnetic calcite dominates the susceptibility re-
sponse.

Bulk susceptibility measurements using the AMS in-
duction coil for the 1170 samples used in AMS deter-
mination have a mean value of 45:326:1 mSI: Of the
samples, 83% range between ÿ15 mSI and �60 mSI

with no sample > 500 mSI (Fig. 7a). However, calcu-
lation shows that these bulk susceptibilities can arise
with combinations of � 0:01% magnetite and > 0:1%
clay content (Table 2). Normally, the fabric of the
diamagnetic calcite matrix is overwhelmed by the fab-
rics of the accessory clays and magnetite, not just
because of their higher bulk susceptibilities but also
because of their strong preferred orientations and the
high anisotropy of the phyllosilicate. The hysteresis
measurements show that the bulk susceptibility due to
remanence bearing phases (Kferro) forms more than
half of the total susceptibility in 71% of samples (Fig.
7b). However, this does not mean that the anisotropy
of magnetite is dominant, as explained below.

5. Interpretation of magnetic fabric orientations

AMS fabrics, combining the contributions from clay
minerals and magnetite, in most cases have been
obtained from 1170 samples drilled from 434 oriented
blocks sampled at 385 outcrops (Fig. 1b). The poles to
AMS foliations cluster tightly, indicating dips of 0108
and the AMS lineations are N±S directed with some
slight radial divergence southwards from the Troodos
Complex (Fig. 8). The AMS foliations are locally
inclined to bedding and the well-de®ned AMS (kMAX)
lineation transects tectonic structures so that the AMS

is strongly in¯uenced by regional tectonics. Thus, we

cannot accept a purely sedimentary origin for these

AMS fabrics. The AMS fabrics represent a predomi-

nantly tectonic, L±S fabric of clays and magnetite,

broadly indicating N±S extension or mineral alignment

with gently dipping AMS foliation planes distinct from
bedding, especially at the site level and thus clearly tec-

tonic. However, they are not parallel to S1, identi®ed

in the ®eld, indicating age di�erences between S1 and

AMS. The foliation poles form clusters but these dis-

perse into minor girdles in the EW direction. Thus the

AMS lineation, which is perpendicular to this, may be

interpreted as the zone-axis to the clay-mineral fabric.

Of course, this combines with the grain-shape lineation

of magnetite grains to yield the overall AMS fabric.

The consistently oriented AMS fabric indicates N±S
stretching of the limestone sequences.

AARM fabrics isolate the contribution of magne-

tite's preferred dimensional orientation. AARM foli-

ations vary more between subareas than the S1 and

AMS fabrics. However, they transect primary

structures locally so that they are at least partly tec-

tonic in origin. Moreover, magnetite fabrics normally

postdate AMS fabrics so that we do not doubt a

strong tectonic in¯uence on AMS. It dips 0458 in area

1, and slightly shallower to the NW in areas 2 and 3.
Gentler dips occur in the eastern subareas 5 and 6

(Fig. 9). The AARM lineation de®ning the alignment

of magnetite grains is dominantly NE±SW, with two

less signi®cant directions found in the localized Yeresa

fold and thrust belt (Fig. 2). Inspection of the orien-

tations of bedding, cleavage and AARM foliation, par-

ticularly at the site level, commonly reveal that the

AARM lineation may be a composite sedimentary±tec-

tonic magnetic intersection±lineation due to the inter-

ference of AARM foliation and bedding fabrics

Table 1

Hysteresis parameters compared with values for single domain (SD) and multidomain (MD) magnetite (Dunlop and OÈ zdemir, 1997)

Parameter Dunlop SD Dunlop MD Mean Standard deviation Standard error

Hc (mT) 10±40 2.5±4 14.50 13.23 1.02

Mr/Ms 0.5±0.9 0.01±0.03 0.18 0.056 0.004

Hcr/Hc < 2 > 4 2.162 0.496 0.04

Table 2

Theoretical range of bulk susceptibility calculated using simpli®ed values, but approximating those of published data (Carmichael, 1982; Dunlop

and OÈ zdemir, 1997, p. 23) of constituent minerals

Accessory mineral Accessory mineral with k > 0

0.1% of volume

Diamagnetic calcite matrix 99.9% @ average

k1ÿ 10 mSI

Sample

k � Accessory�Matrix

Magnetite

5 000 000 mSI
5000 mSI ÿ9.99 mSI 4990.01 mSI

Clay 1000 mSI 1 mSI ÿ9.99 mSI ÿ8.99 mSI
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Fig. 6. (a) A new projection classifying the magnetic response of magnetite according to superparamagnetic (SP) single-domain (SD), pseudo-

single domain (PSD) and multi-domain (MD) behaviour. This uses the hysteresis parameters coercivity (Hc), coercivity of remanence (Hcr) and

the ratio of zero ®eld remanence (Mr) to saturation remanence (Ms). Normally the characterization of magnetic behaviour requires two graphs

(Hc vs. Hcr, Wasilewski, 1973; Mr/Ms vs. Hc/Hcr, Day et al., 1977) but their combination in three-dimensions facilitates discrimination of the

behaviour. (b) Our data from the Lefkara Formation include 57 pelagic limestone samples. (c) The Pakhna Formation is represented by 104 pela-

gic to shallow water limestones. (d) The Nicosia Formation is represented by 17 shallow water limestones. All 178 limestone samples show PSD

behaviour close to the SD ®eld. (e) Best-®t planes show that a progressive change in magnetic parameters of accessory magnetite occurs with the

depth of sedimentation, perhaps due to changing sources of magnetite (e.g. bacterial vs. clastic).
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(Fig. 10), (Borradaile and Tarling, 1981; Housen and

van der Pluijm, 1991; Housen et al., 1993a). Thus,
AARM lineations are not parallel but rather perpen-

dicular to tectonic extension. Therefore, we may infer

that the tectonic extensions are WNW±ESE.

6. Comparison of ®eld and magnetic fabrics

6.1. Fabric orientations

The paucity of folds, the localization of cleavage

Fig. 7. (a) Bulk susceptibilities used in the AMS study. (b) Frequency distribution of the ratio of ferromagnetic susceptibility (Kferro) to bulk sus-

ceptibility (Ktotal). These values were derived from slope corrected hysteresis loops of 170 selected samples (mean sample size 10:004 g). Ktotal�
Kferromagnetic�Kparamagnetic�Kdiamagnetic: The ratio may exceed unity where the matrix is diamagnetic (negative susceptibility). In 71% of samples the

ferromagnetic contribution of magnetite provides more than 50% of the bulk susceptibility. However, the low anisotropy of magnetite permits

clay minerals with lower bulk susceptibilities but higher anisotropies to dominate AMS. In only 17% of samples does paramagnetic clay domi-

nate over the bulk susceptibility contribution of magnetite traces.
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development and absence of grain-alignments visible in
the ®eld leaves few traditional ®eld techniques to per-
mit an evaluation of the structural history. Thus, we
have used S1±S0 angular relationships, in particular
vergence, to infer the kinematic pattern associated with
S1 cleavage formation. Generally, bedding is subhori-
zontal or shows only low, southerly dips, < 108 (Fig.
5). S1 inclinations are generally, and at the level of in-
dividual sites, northerly-dipping. Thus, in general, the
S1 planes lean or verge to the south with respect to
bedding. This indicates southerly-directed `overthrust'
motion, i.e. the overlying strata have been sheared or
moved southward relative to those underlying them.
Only zone 4 shows a consistent vergence direction, to
the SSW, due to localized Early to Middle Miocene
uplift causing the more severe tectonism of the Yeresa
fold and thrust belt on the coast in subarea 4. This
small area (approximately 25� 3 km2� is also anoma-

lous in its AMS and AARM fabric orientations that
are of local rather than regional signi®cance and are
not included in this regional study.

More speci®cally, at the site and local level, S1±S0

vergences reveal systematic di�erences between
subareas (Fig. 11a). This shows that, in detail, the ver-
gences cannot be explained solely by the regional com-
pression of Cyprus, for example, associated with the
northward subduction direction over the last 50 Ma
(Fig. 3). Instead, the vergence patterns reveal localized
variations in the regional compression due to gravity
sliding into several local sedimentary basins (Polemi,
Akrotiri, Pissouri) and away from the SW, S and SE
slopes of the Troodos terrain (Fig. 12). The pressure
solution cleavage appears to be the earliest tectonic
fabric because the shallower AMS foliation cuts across
it.

AMS foliation is more consistently oriented than S1

Fig. 8. Fabrics shown by anisotropy of magnetic susceptibility (AMS) in six domains of the sedimentary cover of southern Cyprus. Upper stereo-

nets show the distributions of minimum susceptibility, which correspond to the poles of the magnetic foliation. This, in turn, represents the orien-

tation distribution of basal planes to clay minerals. Although magnetite traces contribute more to the bulk susceptibility, the low anisotropy of

that mineral does not greatly in¯uence the AMS fabric. The lower stereonets show the maximum axes of susceptibility, corresponding to long

axis alignment of clay crystals. (Lower hemisphere, equal area stereonets.) The arrows indicate the average inferred extension directions.
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in each subarea and, as with S1, we may consider its
vergence with respect to bedding (AMS±S0). Normally
when using vergence in structural geology, a tectonic
planar fabric Sn should be referred to the orientation
of the previous planar structure Snÿ1: However, in this
study, the ®rst planar structure, bedding, is so feebly
disturbed that it may be used as the reference surface
for the de®nition of vergences for S1, as well as for the
vergences of AMS-foliation and AARM-foliation.
Whereas S1±S0 vergences relate to the pre- and early
Miocene uplift of Troodos, and basin depression (Figs.

11 and 12), the subsequently developed, cross-cutting
AMS fabric is regionally controlled (Figs. 8 and 11).
AMS±S0 vergence is therefore also controlled at the
regional level, showing a southward, barely radial
movement pattern away from the Troodos range (Fig.
11b). This corresponds to a later phase in the uplift
history, when basin subsidence was insigni®cant and
Troodos uplift dominated the picture, with AMS linea-
tions indicating stretching radially away from the
Troodos terrain as the stratigraphic sequence was
extended by gravity sliding.

Fig. 9. Fabrics shown by anisotropy of anhysteretic remanence (AARM) in six domains of the sedimentary cover of southern Cyprus. Upper

stereonets show the distributions of minimum axes, which correspond to the poles of the AARM foliation. This represents the S-plane of the

shape-orientation fabric of the magnetite grains. The principal fabric planes are shown intersecting at the minimum (1), intermediate (2) and

maximum (3) principal (Eigen) directions. The lower stereonets show the maximum axes, corresponding to long axis alignment of magnetite.

(Lower hemisphere, equal area stereonets.) The principal alignment is shown by bold arrows, but in two subareas, some outcrops show a nearly

orthogonal lineation, indicated here as greyed arrows. However, these alignments are not believed to indicate the true extension directions but

may result from an incomplete tectonic overprint of the sedimentary AARM fabric (Fig. 10). The actual movement directions for the AARM

fabric are more reliably given by AARM±S0 vergence (Fig. 11c).
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AARM fabrics developed still later, cross-cutting

earlier fabrics. Interpretation of their principal direc-

tions is not immediate, because the AARM fabric

combines contributions from a bedding fabric of

magnetite and a tectonic±stylolite fabric inclined to

bedding (Fig. 10). Clearly the AARM foliations

verge ESE. Thus, the magnetic lineation (Fig. 9) is

perpendicular to the extension direction causing the

tectonic alignment of magnetite. This extension

direction is WNW±ESE, unrelated to Troodos

uplift. The SSE vergence of AARM±S0 (Fig. 11c) is

the most consistent of the three fabric types.

The contribution of magnetite to the AMS fabric

orientations may be achieved by comparing Figs. 8

and 9, especially the lineations. Particularly in zones 1,

2, 5 and 6, we see that AMS maxima skew towards

the AARM maxima directions. This shows that

although the magnetite contributes most of the bulk

susceptibility, its anisotropy is so low that the contri-

bution from more anisotropic phyllosilicate dominates

AMS. It is commonly reported elsewhere that pseudo-

single domain and multi-domain magnetite grains have

a low shape-anisotropy and thus a low magnetic aniso-

tropy. In our limestones and chalks the magnetite is

largely of bacterial origin, in the form of equidimen-

sional magnetosomes (Butler, 1992) that are expected

to have very low magnetic anisotropy.

Fig. 10. AARM fabrics have maximum axes (lineation) parallel to

the intersection of bedding (S0) and stylolitic cleavage (S1). This is

due to the combination of planar tectonic foliation and an incomple-

tely overprinted bedding fabric so that their intermediate axes com-

bine to produce a net maximum parallel to S0±S1 intersection

lineation (e.g. Borradaile and Tarling, 1981).

Fig. 12. Sketch showing the movement directions inferred from S1

vergences outlined in Fig. 11(a). Radially gravity sliding from Troo-

dos dominates, with subordinate gravity sliding into localized sedi-

mentary basins. The number associated with each arrow identi®es

the corresponding subarea. S1 vergence directions of subarea 4 are

omitted since they are not the result of gravity sliding (see text for

explanation).

Fig. 11. The vergence directions of the tectonic planar fabrics with respect to bedding. These indicate the direction of over shearing of the nearly

horizontal stratigraphic sequence during the progressive development of (a) stylolitic cleavage, (b) phyllosilicate alignment (AMS) and, ®nally, (c)

alignment of magnetite (AARM).
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6.2. Fabric shapes

The shape of the fabric ellipsoid is best represented
by an intensity parameter Pj (equal to 1 for a sphere)
and a shape parameter Tj ��1 � oblate; 0 � neutral;
ÿ1 � prolate). These parameters, introduced by Jelinek
(1981) are de®ned in the Appendix. In structural ge-
ology, the Flinn (1965) diagram is usually used to plot
fabric or strain ellipsoids, with the ratios a (max/int)
and b (int/min). The Flinn plot has the advantage of
providing an easily visualized, familiar representation.
However, fabric shape, the degree of prolateness or

oblateness is not represented by an axis but by the

slope of a line from the origin to a data point, and
that slope is a nonlinear representation of shape (¯at

ellipsoids have slopes 0±1; rod-shaped ellipsoids may
have slopes between 1 and 1). Furthermore, neither is

the eccentricity of the ellipsoid (intensity of strain, or

fabric development) ®xed to an axis. On the contrary,
the Jelinek parameters provide a linear representation

of fabric shape on the vertical axis and a logarithmic

representation of eccentricity on the horizontal axis.

In general, even choosing the most convenient rep-

resentation of fabric shapes, which is certainly the Jeli-
nek Plot for magnetic fabrics, there is a tendency to

over-interpret the information. First, the AMS mag-

netic fabric invariably blends contributions of more
than one mineral, in our case, preferred crystallo-

graphic orientation of clay minerals and preferred

dimensional orientation of magnetite. In this study,
there may be two subfabrics of magnetite, complicat-

ing matters further at some sites. Second, the complex-

ity of interpretation is compounded because in some
instances a sedimentary fabric is combined with a tec-

tonic one, making fabric shapes di�cult to interpret.

Even if the fabric was solely tectonic, the aligning
mechanism is unknown and unquanti®able so that it is

inappropriate to speculate about relative stress magni-

tudes during nucleation or ®nite strain during align-
ment.

Thus, in this study, we may only compare AMS
with AARM fabric shapes in the most general sense.

For example, AARM fabric shapes dominate the ®eld

of ¯at shaped ellipsoids �1 > Tj > 0� with two distinct
modes, one neutral-shaped �Tj00� and one almost per-

fectly oblate �Tj0� 1� (Fig. 13). The former is readily

interpreted as the combination of equally developed
planar �Tj0� 1� tectonic and bedding fabrics of mag-

netite (Fig. 10). The latter may represent a planar bed-
ding fabric where stylolitic cleavage is weakly

developed.

The AMS fabric shapes are unimodally distributed,
clearly concentrated at the neutral shape position

�Tj00� and skewed toward the oblate �Tj > 0� ®eld

(Fig. 13). This is compatible with a more homo-
geneous, single-event fabric with a broad range of L±S

fabric types. Interestingly, the AMS and AARM fab-
rics show an equal range of Pj values, representing the

eccentricity or intensity of the fabric ellipsoid. Else-

where, it is commonly found that AARM intensities
exceed those of AMS from the same rocks. However,

the similarity here is due to the fact that a portion of

the AMS fabric is due to magnetite that has a broad,
bimodal range of fabric types, as revealed by AARM,

and that AMS is controlled by phyllosilicates that

have some of the highest anisotropies amongst sili-
cates.

Fig. 13. Fabric plot of Pj and Tj parameters (Jelinek, 1981); Tj � 1

for oblate, Tj � ÿ1 for prolate. (a) AMS fabric shapes due to the

preferred crystallographic orientation of clay minerals. AMS is

broadly distributed about Tj10, re¯ecting the combination of more

oblate crystallographic symmetry of clay minerals with the more pro-

late symmetry of the magnetite AARM fabric. (b) AARM fabric

shapes due to the preferred dimensional orientations of pseudo-single

domain magnetite. Note that the magnetite fabric shapes are bimo-

dal, probably due to the combination of bedding fabrics �Tj11� and
tectonic fabrics �Tj10).
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7. Conclusions

The combination of observations of ®eld structures
and magnetic petrofabrics reveals the kinematic pat-
tern of the southern half of Cyprus, mainly associated
with the uplift of Troodos, during its ductile periods
of deformation, before the faulting and jointing. The
®rst microstructural event recorded in the sedimentary
cover is the development of a stylolitic S1 cleavage
that is 50% more e�ective than primary bedding stylo-
lites in removing calcareous matrix. Nevertheless, S1 is
only locally developed and also commonly weakly
developed. Its vergence with respect to the barely dis-
turbed bedding shows that the sedimentary sequence
slipped gravitationally. The movements were radially
away from the domal uplift of Troodos, and radially
inwards to localized sedimentary basins.

Subsequently, mild penetrative deformation aligned
clay minerals in the bulk of the limestone and chalk
mainly by pressure solution. This fabric is mainly
revealed through AMS, although trace magnetite also
contributes a little to the AMS signal. The vergence of
the AMS foliation shows that the south-directed move-
ment away from the Troodos range continues, but is
now constant in orientation across the area, una�ected
by the location of sedimentary basins. The AMS linea-
tion represents the zone axis of phyllosilicate alignment
(L±S fabrics) showing that stretching of the sedimen-
tary cover was consistently N±S, transecting local tec-
tonic perturbations of bedding. The AMS fabrics are
clearly tectonically dominated and the degree of re-
gional consistency in orientations is compatible with a
supra-subduction setting of the sedimentary sequence
(Robertson, 1990).

We established the magnetite petrofabric via
AARM. This has a consistent, and unusual foliation
vergence, to the ESE, transecting local perturbations
of strata. The ESE directed push cannot be reconciled
with the uplift of the Troodos ophiolites. However,
Cyprus lies on the southern margin of the Anatolian
block that has been rotating anticlockwise against the
Cyprian Arc subduction zone (Rotstein, 1984). Thus,
we may explain the ESE vergent AARM foliation as a
consequence of dextral transpression on the north side
of the Cyprian Arc as the Erastothenes Seamount is
being subducted northward from the WSW of Cyprus
(Xenophontos, personal communication, 1999).

In terms of rock magnetic techniques we found it
most useful to devise a three-dimensional plot of hys-
teresis parameters to con®rm the pseudosingle domain
response of the magnetite. This was necessary to dis-
count any inverse-fabric complications of single
domain magnetite. Another innovation was the use of
vergence of magnetic foliation. This permits one mag-
netic fabric to provide a shear sense, whereas pre-
viously a combination of two was normally used

(Borradaile and Spark, 1991; Borradaile and Dehls,
1993; Borradaile et al., 1993a). In the case of AARM,
the perpendicular directions of vergence and AARM
lineation (con®rmed by outcrop relations of structures)
con®rm that the magnetic fabric is composite. Compo-
site bedding-tectonic fabrics producing a magnetic
lineation parallel to foliation±bedding intersection
have been reported before, in isolated examples (e.g.
Borradaile and Tarling, 1981) but not as extensively
and uniformly on a regional scale.

Principal directions of tectonic magnetic fabrics are
readily interpretable in most instances, as long as one
is aware of the possibilities of incompletely overprinted
primary fabrics and of metamorphic recrystallization
(Borradaile and Henry, 1997). On the other hand, the
interpretation of fabric shapes (Tj parameter) is much
more complex as it re¯ects the combination of di�er-
ent magnetic responses (paramagnetic, diamagnetic
and `ferromagnetic'), from several minerals that may
have di�erent orientation distributions. Thus, despite
an initial optimism in the scienti®c literature, rarely do
the shapes of susceptibility magnitude ellipsoids (e.g.
represented by Tj) or eccentricities/intensities (e.g. rep-
resented by Pj) correlate with the shape of a strain or
stress ellipsoid or of any other causative alignment
process such as primary ¯ow mechanisms (Borradaile,
1991). Attempts to isolate the fabric contributions of
di�erent magnetic responses (e.g. diamagnetic vs. para-
magnetic) or of di�erent minerals by experimental
(Borradaile et al., 1987; Rochette and Fillion, 1988;
Borradaile and Sarvas, 1990; Richter and van der
Pluijm, 1993; Borradaile and Henry, 1997) or theoreti-
cal approaches (Henry, 1983; Rochette, 1987; Housen
and van der Pluijm, 1990, 1991; Housen et al., 1993a,
b; Borradaile et al., 1999; Hrouda et al., in review)
have not yet made su�cient progress to facilitate tec-
tonic interpretations.

However, by combining AARM and AMS fabric
shapes on a single graph, it is possible to make some
limited but useful deductions. Firstly, the AMS and
AARM fabric shapes show similar patterns on the Jeli-
nek Plot for each subarea. Thus, the fabric ellipsoid
shapes are controlled by similar processes throughout
and we may infer that these processes are regionally,
rather than locally controlled. One can observe the
contribution of AARM to AMS, qualitatively, from
the relative degree of saturation of the two fabrics and
the contrast in shape in the L±S spectrum (i.e. L > S,
L � S, etc.), see Fig. 13.
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Appendix

Anisotropies for AMS are conveniently summarized
using Jelinek's (1981) parameters Pj and Tj, for the
magnitude ellipsoid of susceptibility with axes
kmaxrkintrkmin: However, the plot has advantages for
plotting strain ellipsoids �XrYrZ), or ellipsoids
describing fabric.

Pj de®nes the intensity of the fabric as a measure of
eccentricity of the magnitude ellipsoid:

Pj � exp
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where the mean susceptibility is given by

k � �kmax � kint � kmin�
3

:

The advantage of Pj is that it provides a value that
may be plotted on an axis, solely describing the eccen-
tricity of the ellipsoid (cf. the Flinn diagram, on which
intensity is represented by radial distance from the
Cartesian origin). Moreover, the logarithmic basis of
Pj disperses data near the origin and provides an even
comparison of intensity di�erences at di�ering levels of
eccentricity.

Tj de®nes the shape of the magnitude ellipsoid
(degree to which the oblate or prolate condition is
achieved):

Tj � ln Fÿ ln L

ln F� ln L

where magnetic lineation (L ) and foliation (F ) are
de®ned as:

L � kmax

kint

; F � kint

kmin

:

These correspond to the ratios of dimensions, a �
max=int and b � int=min, used to plot fabric or strain
ellipsoids on a Flinn (1965) diagram in traditional
structural geology.

Tj has the advantage of symmetry �prolate � ÿ1,
neutral � 0, oblate � �1), whereas the shape of the
ellipsoid on the traditional Flinn diagram ranges from

prolate � 1 through neutral � 1, to oblate � 0: Fur-
thermore, shape is represented conveniently along the
vertical axis of the Pj±Tj plot.
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