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STRUCTURAL CRITERIA IN LOCATING CHROMITE
ORES: EVIDENCE FROM THE RIZO DISTRICT, VOURINOS
OPHIOLITE, GREECE

G.KONSTANTOPOULOU*®

ABSTRACT

The Rizo chrome ore district of North Vourinos contains fine-
ained low-grade chromite ores of schlieren, disseminated, mas-
sive, and nodular types. The ore zone itself is poorly exposed and
highly sheared; potential continuations of the surficial ore depo
gits cannot be predicted from standard host rock mapping.

. A structural evaluation of the area suggests subsurface contin
uationg of Rizo ore bodies to the west of the exposed ores based on
the following observations: Fold axes of schlieren ore paralle)
mineral lineation of host rocks trendind around 2700 and impart an
appearance that down-dip ore continuations would lie west of the
surface occurrence. The ores themselves coincide with the position
of 2-fold hinges formed during dextral shear around the ore zone.
This dextral shear resulted in deformation of host dunites to east-
west trending tabular bodies.

.. The presence of ductile structures of low temperature
(950-7500C) plastic deformation are inferred from rotations of
Pigh-temperature fabrics into lower-temperature ductile shear
Zones : The intense brittle shearing and faulting in these zones
obscures observations of these ductile structures themselves.

" All structures present formed within a single strain orienta

lon, apparently during a continuous evolution of deformation from
Plastic through brittle conditions. All stages of deformation have
trongly imprinted the chromite ore. A drilling program bazed on
lése structural criteria has subsequently confirmed the predicted
SUbsurface continuations west of the exposed ore zone.

INTRODUCTION

~'The metalliferous zone of the Vourinos ophiolite is a tabular
ture about 2 km thick that crosses the mantle section of the
Plex paraliel and S5 km west of the basal thrust: The Rizo

® ore district crops out at the southeastern extreme of +this
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zone in the North Vourines region (figure 1).

The major ore body of Rizo is exposed within the central
of the district, and contains reserves of 400,000 tons (Psihoyigy.
ouwlos et al., 1978). The ores are poor in quality, grading betwagy
5 and 25% chromite, and very fine-grained. Exploration in the are
is hampered by sedimentary cover and the highly fractured ang
faulted nature of the ore bearing rocks. More than 80% of the ore
district 1is covered by an overlapping sheet of alluvia up tg 5
meters thick: These sediments occlude host rocks to such an extep
that structures can only be discerned in a few stream sections ang
trenches that penetrate the sediments.

This study aims at undestanding the tectonic history of the
area and the effect of incremental deformation on the ores and hog
rocks, in order to structurally predict +the c¢ontinuation of the
known ore zone of central Rizo.

LITHOLOGY

Mappable lithologic units of the studied area are as follows:

i) Restite hartzburgite is the dominant lithology of the djg.
trict. Its characterlstic texture is porpbyroclastic granoblast[c‘
and its phase chemistry is similar to other harzburgites of Vouri-
nos (Frison, 1987). The harzburgites of Vourinos are interpreteq
to represent a residue remaining after a high-degree of partia]
melting of the upper mantle (Beccaluva and others, 1964; Pearce ang
others, 1984; Roberts, 1986; Paraskevopoulos and Economou, 1986;
Konstantopoulou, 1990). Harzburgite at Rizo 1s nearly always pers
vasively sheared and fractured, and at only a few outcrops are
large coherent blocks preserved (figure 2).

1i) The exclusaive hosts to chrome oreas at Rizo are dunilte
Lodies included in dunlte-harzburgite alternation zones. Each zone
strikes east-west, and ranges from 350 to 150 meters thick in out-
¢Top. Individual dunite tayers in the alternation zones are typi=
cally one centimeter up to 20 meters thick. The largest dunite
body of the Rizo district is 80 by 300 meters and crops out within
the alternation zone of the central! part of the district (east of
the area mapped, figure 2). BAlternation zones have been mapped a8
dunites, because hartzburgite layers in them are ussually less tha
4 meters thick and the relative proportion of hartzburgite less
than 35%. A second set of dunites are present within massive harz
hurgite adjacent to alternation zones: These are sheared lenses 10
te 50 cm thick with no chromite in them. What spinels are present
are fine-grained with no preferred orientation. ]

iii) Coarse—-grained pyroxenite dikes. ranging in thickness frof
several centimeters up to 10 meters, are abundant over the distrid
constituting about 10% of the mantle section volume. The dike
¢rop out more commonly near and about parallel to contacts @
dunite with harzburgite. Elsewhere, the dikes show no systemabL
orientation. ‘

iv) All chromite ore textures are present in Rizo area. Ind;
vidual occurences include schlieren, disseminated, massive and DO%
wlar ore types. The chief ore zone itself, contained within 8
alternation zone of the central area, consists of schlieren layer®
with zmall pods of massive ore. Spinels in ore are fine- to med
grained and irregular in shape. Chromite has been severely defof™
during emplacement of the ophiolite,

The degree of serpentinization varies with distance from
and fault zones: Massive sheared serpentinites coincide in po3 con”
with fadn@IesHBBAGRKNOadPadcGcEBNBE MEwdonbge Psl]. Bost rocks “
iain as little as 5% serpentine. '
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 Pigure 1. simplified geological map of the Vourinos-Rodiani ophiol-
: ite complex, showing the distribution of lithologies and the
position of Rizo area.
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STRUCTURES OF THE RIZO DISTRICT

structures representative of high- and lower-temperature plas-

c deformation at Rizo are obscured by a strong overprint of

jttle structures. The sequence of deformation is incremental

rapresenting a continuous evolution from plastic to brittle struc-
tures within a single strain orientation.

A gtructures Related +to High-Temperature Plastic Deformation
" punite-harzburgite contacts, chromite layering, mineral folia-
gions and lineations and the folding of schlieren ore represent
e highest temperature structures apparent in the area
1250~1200°C, Nicolas, 1989). Spinel fabrics show weak preferred
orientations of flattened or elongate =spinels. Orthopyroxene in
parzburgite is blocky. and no consistent orientations are obtained.
gpinel foliation in host rocks (dunite and harzburgite) as well
as in chromitite ores define antisymmetric folds with dominant
limbs at 20-60/25-60 N¥ and shortened limbs at 80-100/25-50 N (fig-
ares 2, 3). Folds are best defined in the alternation =zones and
within chromite ores themselves.
spinel lineations in the hest rocks (alternation zone or sur -
rouding massive hartzburgite) trend 250-320 with 30 degrees plunge
to the west (figure 3). The axes of folded schlieren ore generally
pave similar trend tc the spinel lineations. Dunite-harzburgite
contacts within the alternation zones strike 20 to 60E with 40 to
60 degrees northwest dip. Figure 3 details the macrofabric rela-
tions of the Rizo district. Early structures such as spinel folia-
tion and ore layering broadiy parallel dunite-harzburgite contacts
{n the alternation zones (that is, strike northeast). Pyroxenite
dikes are displaced by faults and shears locally, but in general
are also parallel to the early structures.

B. Structures Related +to Low Temperature Plastic Deformation

Typical low temperature (1000-80C °C, Nicolas, 1989) plastic
deformation structures such as mylonite zones are not observed in
the Rizo area. Mylonitic strucitures have been observed at Voido-
lakkos (Ross et al., 1980; Roberts et al., 1988; Grivas et al.,
1990) and Koursoumia (Konstantopoulou, 1992) districts, in a dis-
tance of 10 and 3 km from Rizo respectively. However, ductile and
;rni-brittle (Ross and Lewis, 1989) structures can be inferred al

zo.

The mapped fabric patterns (figure 2) indicate dextral shear
accommodated by brittle deformation within the main dunite bodies
of  the area. Dextral shear also explains the geometry of Z-type
f0lds within the ore bodies as well as mineral fabrics parallel to
‘those fold planes. Thus, we deduce that shear initiated in low
:t““mrature plastic conditions, and persisted through decreasing
*®Mperatures into brittle conditions.

‘;%i;gnrittle shears and faults dominace the appearance of the Rizo
. "2®. Shears and faults geometrically belong to several systems.

“1. Shears
™™o sets of shears are observed in Rizo area, both formed con-

e F12SUToBTEIRDEASRRIRARER b T PEVABIEIAN Y sumites

zburgite. These dunites hosting parallel shear zones s+rike
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Figure 3. Stereonet data of the Rizo-district fabric elements.
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o-40E with 40 degrees northwest dip. Shearing does not penetrate
the surrounding, mere coherent bhlocks of harzburgite. Minor shear
gtructures within these zones as well as the sense of displacement
betueen the harzburgite units indicate over-riding movement te Lhe
northeast. The sheared dunites, thus, form the socles of harzbur—
gite imbricates.

The second set of shears penetrates similarly both dunite and
harzburgite, and is particularly intense over several outcrops.
rhese shears imparts a "schistose" appearance to the rock: Locally
the schistosity 1is constrained te serpentinized rocks, but else-
where relatively fresh rocks demonstrate a "“gneissic" compact pla-
nar fabric. These relations suggest that these shears initiated
near the ductile-brittle boundary. These shears strike northwest
to north-south (140-180 with 15-30W dip .figures 2, 3). In the
south Rizo area, these shears appear folded, rotating from their
dominant orientation to 80-115/308 (figure 2}.

¢,. Faults
necause of the extensive sedimentary cover the sense of move-
pent and the displacements along major fault zones can not be meas-

ured. Severai offsets can be estimated from displacement of
pyroxenite dikes or schlieren ores. The orientation of fault
planes exposed in limited outcrops define three main systems, as
follow:

(i) A northeast striking system: 020-060,/60-80N, with some
reverse dips:

(i1) An east-west striking system: 080-120/70-85N, with some
reverse dips;

(iii) A northwest to north-south striking system:
130-180/60-80E, with some reverse dips.

Faults of +the first system appear to be reverse faults with
less than one meter displacement. The second system dominates the
area and comprises a sequence of stepped brecciated fault zones,
each zone ranging in thickness from a few centimeters up to 10
meters. Small faults parallel +to +this system show minor left-
lateral displacement. However, these may be parasitic faults, anti -
thetic to major right-lateral fault zones. Fault zones of the third
system are less wide than those of +the second sgystem. They are
chiefly right-lateral strike-slip faults, with much greater dis-
Placement compared to the E-W trending faults.

DISCUSSION

Previous work has described the geometry of fabric elements in
Various mining districts of the Vourinos ophiolite. Regardless of
Petrogenesis, chrome ores tend to be trapped in emplacement struc-—

ey ®S such as: 1) thrust parallel mylonite zones (Grivas et al.,
. 1990), 2) z-folds produced by ductile shear (the structur:
descrihed herein), 3) tear parallel faults produced by ductile con-~
Striction (Rassios et al., 1990). Structural studies detailing
- “Placement strain have located "blind” ore deposits, and are being
i -éed 48 on-site guides for drilling and location of high potential
~ "®ITain in reconnaissance exploration.
ffakhroriQUre 4 reconstructs the successive stages of deformation of a
i

st mitiferous dunite budy (formation at stage I) in a Rizo-type
nzg:;urgl environment. We consider deformation to the ore body
nental, . bt i B tAq) @tructures
lating to LSRR RPN IR B HGIIRR, - Tuild gi‘éfé‘eiﬁ%‘r and T11 (fig-
‘ 4). are not preserved in Rizo, but deduced from considerations




Figqure 4. Structural evolution of the Rizo ore bodies:
I. bunite and chromite formatien within the upper mantle.
II, III. High~tepmerature plastic deformation resulting from

mantle flow.
1V, V. Low—temperature plastic to semi-brittle deformation

resulting in folding of dunite and chromite and re-orientatioP

of spinel grains parallel to the fold axes.
VI. Brittle deformation (thrusts and faults) displaces the 1in

dunite and chromitite bodies.
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regional structures of Vourines (Nicolas, 1990; Frizon, 1987;
¢ and others, 1980). The major deformations affecting the pre-
t position of the ore bodies are the following:

stage IV represents +the initiation of ductile displacements
along the deforming margins of a dunite body within massive harz-

urgite. Shear stress is preferentially resolved by plastic defor—
tion along these margins and within the dunite because of the
her 7Plasticity of dunite relative to harzburgite host (Carter

1976) - The intensity of shear stress varies from place +to placs
ithin thg main shear zomne. Thus the shear zones bordering the
dupite bodies of Rizo generate formation of many subzones, each of
which reconciles shear stress at variable rates. This shear defor-
mation results in elongation and subsequent folding of +the dunite
body as well as concurrent re—orientation of spinel grains parallel
to axial plarmes of Z7—-type folds. It seems likely that all the high-
temperature structures that we observe in Rizo today date from this
stage of deformation.

Wwithin dunites, deformation consistently appears more intense
conpared to that shown in surrounding rocks. Mass movement (espe-
cially of olivine) in axial regicns of folds in dunite bodies +tend
o vconcentrate" chromite ores in the hinges of folds within dunite
bodies {fig. 5b). Individual chromite layers within the ore zone
are conformable to local foliatien planes, but the main ore zone do
not parallel component layers, but consist of Z-fold sets trending
ecast—west within the parallel dunite host. Thus, ore zones of Rizo
are east—west trending structures with strong northeast siriking
overprinted structures. Mineral 1iineations and fold axes f
sehlieren ore, plunge to the west, implying a continuation of the
ote zone to the west.

~ Intrusion of pyroxenite dikes parallel to axial planes of this
early fold system indicates the concurrence of magmatism +to Lhis
dsformation. Thus, pyroxenite dikes have escaped plastic and duc—
tile deformation. They only have been displaced by shears and
faults (stages V and VI, fig.4).

- Near +the ductile-brittle boundary, shear zones and faults
develop in parallel and overprint earlier structures. The +thin
intensely sheared and fractured dunites «within the harzburgite
facilitate over-riding movement between hartzburgite blocks with
continuing deformation. At about stage V of figure 4, dextral stri-
ke-slip faults develop, accommodating further +the shear stress
résponsible for the east-west elongation of the dunite body. Indi-
Viduat faults in this system show either left- or right-lateral
;gffsets retative to their position within dextral shear planes.

i -The set of northeast striking (020 to 06Q) are reverse faults
égmh minimum offset, accommodating minor compression towards the
Wéﬁg) of the emplacement movements of the ophiclite towards the KNE
| | Northwest-striking (140/20SW) brittle shears also form as a
ect result of emplacement of the obducted slab towards the nor-
east (stage V).

Combined strain elements result in the form of a dunite body as
Tayed in figure 4, stage V. The ore-bearing alternation zones
Rizo consists of ductile-brittle imbricates of the dunite-

Zburgite margin. The orientations of the imbricates paraliel
.t of early folding within the dunite. The form and distribution
'tﬁhrome ores are affected in all stages of deformation undergone

€ host rocks of Rizo.
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* In this model, the long axes of ore bodies trend east-west.
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zignificant displacement of ‘ores i1s noted along 140 striking,
thrust parallel, fault systems. Internal thrusts parallel to the
pasal thrust of the ophiolite imbricate. The multifolding and dis-
1acement of the ore bodies by minor faults is evident even in the
Ecale of an outcrop.
~ Macrostuctures 1in the Rizo area suggest that the ore zone of
the central Rizo should continue beneath sedimentary cover to the
aeits while similarly deformed, alternation zones of Rizo may rep-
esent podies formed in independent magma chambers within the upper
rantle- Petrologic evidence confirms +the existence of multiple
B a chambers within northern Vourinos (Konstantopoulou, 1990,
rking and others, 1980.) Each ore-bearing dunite body in the
deformational setting similar to that of Rizo (Z-fold system) ought
to show similar structural exploration criteria.
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