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ABSTRACT

Several stages of alteration documented in the upper 1 - 2 km of
the Troodos ophiolite have been related to the evolution of hydrothermal
systems, crustal aging, and the subsequent uplift and emplacement of the
ophiolite. Six alteration zones, defined by their mineralogical
signatures, have been mapped along the northern flank of the ophiolite
and outlined in the ICRDG drillcores, CY-1 and CY-la. The depositional
sequence of the groundmass-replacing and void-filling secondary minerals
in each of these zones reflects localized change in physical and
chemical conditions through time.

The rocks in the upper tens of metres of the extrusive sequence
are pervasive;y altered, oxidized, enriched in K;0, 005, Hy0, Rb, and
Ba, and depleted in 8102 and Sr. Where synvolcanic umbers overlie the
volcanic pile, the rocks are not oxidized and fresh glassy rinds are
camonly preserved, indicating that the rocks were sealed from
penetrating seawater. Below these zones, the rocks are variably altered
to assemblages of sméctite, celadonite, zeolites, and carbonate and
locally enriched in alkalis and MgO and depleted in SiOp, Ca0, and Sr.
The low temperature minerals are replaced at the base of this zone by
laumontite, mixtures of smectite/chlorite, and quartz. Over a 19@- to
15g-m=thick interval, the rocks became progressively more recrystallized
and assemblages of chlorite + quartz + albite + pyrite + epidote
daminate. Rock-dominated conditions resulted in the enrichment of Naj0
and depletion of Cao, K-0, Rb, and Sr. Lecal enrichment of MnO, Cu, and
Zn are attributed to localized zones of discharge.

Outside the localized zones of hydrothermal discharge, the rocks
viii



have not been pervasively metamorphosed. The intensity of alteration is
not directly related to depth but rather depends on permeability,
teméerature, and the rate of sedimentation. A sharp transition occurs
between the low temperature zones and the higher temperature zones with
greenschist facies mineral assemblages at different levels within the
extrusive sequence and sheeted dyke camplex. This indicates that the
gecothermal gradient was stepped and responded to localized conditions,
such as changes in permeability that restricted the penetration of

unreacted, cold seawater into the lower zone.

ix



LIST OF FIGURES

II-1.
II1-2.
II-3 .

1I1-4.
II1-5.

IT-6.
I1-7.
I1-8.
I1-9.

I1-14.
III'—l .

III-2.
ITI-3.
ITII-4.

ITI-5.

III-6.

I11-7.
I11-8.

I11-9.

III-14.
ITI-11.

ITI-12.

III-13.

Iv-1.

page
Map of the eastern Mediterranean. 9
Geologic map of Cyprus. ’ 11
Schematic stratigraphic columns of the divisions
in the extrusive sequence and Basal Group. 18
Geologic map of the study area. 21
Canmparative sections of the sedimentary
formations in the study area. 25
Lithology of the extrusive sequence along the
Akaki River and the locations of the CY-1 and
Cy-la drillsites. 27
Schematic lithologic column of the CY-1 drillcore. 39
Schematic lithologic column of the CY-la drillcore. 31
Schematic lithologic columm of the extrusive
sequence along the Pediaeos River. 33
Schematic lithologic colum of the Margi area. 34
Distribution of secondary minerals in the
Akaki River section. 49
Distribution of secondary minerals in the CY-1
and CY-la drillcores. 42
Distribution of secondary minerals in the
Pediaeos River section. 44
Distribution of secondary minerals in the Margi
area. 46

A. Calcite stringers with inclusions of basalt

fragments cross-cut chilled pillow margin. B. Two
generations of calcite veining cross—cut a

pillow margin. 55
A. A late-stage, 1.0 - 1.5 am thick, palygorskite

+ calcite vein cross-cuts a heterclithic breccia.

B. A camposite vein cross-cuts an earlier

vein system. 57
A hematite-stained lower flow boundary. 73
Analcime + calcite fill re-opened smectite-filled

fracture. 76

A. Schematic cross—-section of the core in
Plate II-5. B. Altered basalt fragments are
sequentially rimmed with celadonite followed by

clinoptilolite + mordenite. 79
A smectite-lined calcite vein filled with gypsum. 83
Distribution of the alteration zones within the

field area. 129
Lithologies and metamorphic zones of the Sarmiento

and Del Puerto ophiolite camplexes. 19°

Schematic diagram of the intensity of alteration
in the most common alteration zones in the study

area. 112
Molar A1203—FeO-Mgo proportions of saponite,
Al-saponite, celadonite, and celadonite-saponite. 118

X



IV-2 *

Iv-3.
w-4.

Iv-5.

IV-6.
w-7.

IV—80
Iv-9.

Iv-14.

V6.
v=-7.
v-8.
vV-9.
v-14.
V-1l.
VI-1.
VI-2.

VI"'3 )

Vi-4.

Variation in the FeQ/(FeO+MgO) (wt%) of the clay
minerals with depth: A. CY-1 drillcore,

B. Pediaeos River section, C. CY-la drillcore.
Variation in the MnO content of clay minerals fram
the CY-la drillcore.

Relationship between K>0 (wt%) and octahedral totals
for celadonite and celadonite-saponite.
Relationship between K,0 and FeO/(FeO+MgO) (wt3) of
clay minerals: A. Pediaeos River section,

B. C¥=-1 and Cy-la.

Molar AFM proportions of chlorite, smectite/chlorite,
and saponite fram all field areas.

Distribution of smectite/chlorite mixtures in the
CY-la drillcore.

Molar Na-K-Ca+Mg proportions in zeolites.
Variation in MnO content (wt%) in carbonates with
depth in the Cy-l and CY¥-la drillcores.
Fe/(Fe+AllV) contents of groundmass-replacing and
void-filling epidote.

Sr, MgO, Naj0, and K5O contents versus
Fe,03/(Fe,053 + FeO) in samples fram the

CY-la drillcore.

Sr, K50, Ca0, and OO, contents versus HyO in
samples fram the CY-1 drillcore.

Si0,, Na 20, Cao, and K50 contents versus CO,

(wt%% in samples fram the CY-1 drlllcore.

Variation in SiO,, Al O3, and FeO! fluxes with
depth in the CyY-1 drillcore.

Variation in Cao, Na,0, and K,0 fluxes with depth
in the CY-1 drillcore.

Variation in MgO, Rb, and Sr fluxes with depth .

in the CY-l drillcore.

Variation in Ba, Zn, and Zr fluxes with depth

in the CY-1 drillcore.

Variation in bulk rock compositions across

pillows 5 and 6 in the Sm-Pa—Ca Zone.

Variation in bulk rock campositions across

pillow 2 and flow 1 in the Sm-Ce-Ze Zone.

$105, K50, MgoO, and Rb contents versus Zr in
samples fram the CY-la drillcore.

Cao, Naj0, and Fe203T versus Zr and Ca0 versus
Na>0 in samples from the Cy-la drillcore.

Volume % of cooling-units versus depth for the CY-l1
and CY-la drillcores.

Volume % of cooling units, apparent bulk porosities,
and permeabilities versus depth for DSDP Site 5@4B.
A. Molar proportions of chlorites fram "in situ"
oceanic metabasalts. B. Molar AFM proportions of
chlorite and smectite/chlorite fram Cy-la.
Schematic diagram illustrating the change in
secondary mineralogy for each alteration stage.

Xi

page

120
123

128

131
133

139
147

157

160

182
184
186
192
194
196
199
204
206
209
211
229

231

249

253



VI-5.

VII-1.

VIii-2.

VIII-1.

VIII-2.

VIII-3

VIII-4.
VIII-S5.
VIII-6.

Schematic thermal gradients for each stage of
alteration.

87rp/86gr - 875r/80sr isochron diagram

for the zeolites, carbonates, smectites,

and celadonite.

87gr /86gr ratios of secondary phases from
Stages 2 to 4 and the temporal variation of
seawater 8/sr/80sr ratios.

Schematic section perpendicular to a
spreading centre.

Schematic diagram showing the flow of unmodified

and "evolved" seawater in the vicinity of a
high=level dyke swarm.

Schematic diagram showing the flow of unmodified
seawater through the upper few hundred metres o

oceanic basement.

Alteration zones for DSDP Holes 417A, 417D, and 418A.

Alteration zones for DSDP Hole 504B.
Interrelationship of variables that influence
the movement of seawater in the oceanic crust.

page

257

268

271
286

299

294
298
300

307



LIST OF TABLES

page

III-1 Summary of primary mineral alteration 51
IIT-2 Summary of vein deposition in the SmPa-Ca Zone 58
III-3 Summary of vein deposition in the Sm~Ce-Ze Zone 84
III-4 Summary of vein deposition in the La-Sm/Ch-Qz Zone 89
III-5 Summary of vein and vug deposition in the Ep~Ch-Qz

of Cy-la 98
Iv-1 Generalized secondary mineral formulas 115
-2 Representative saponite and Al-saponite analyses 117
v-=3 Representative celadonite and celadonite-saponite

analyses 126
-4 Representative chlorite analyses 134
Iv-5 Representative smectite-chlorite 137
V-6 Typical clay zonation 144
v-7 Representative analcime analyses 148
-8 Representative zeolite analyses 149
Iv-9 Representative clinoptilolite-heulandite analyses 151
IV-18 Representative mordenite analyses 152
IV-11 Representative laumontite analyses 154
IV-12 Representative calcite analyses 155
IV-13 Representative epidote analyses 16l
Iv-14 Representative prehnite analyses 163
IV-15 Representative analyses of clay minerals replacing

olivine 164
IV-16 Campositions of glass and its alteration products 172
V-1 Summary of elemental fluxes for Cy-1 200
V-2 Camparison of elemental fluxes in the CY-=1 drillcore

with "in situ" oceanic studies 216
V-3 Camparison of element mobility in the Cy=-la drillcore

with Site 504B 217
V-4 Element mobility in the alteration zones of

CY-1 and Cy-la : 219
VI-1 Summary of experimental results 226
vVIi-2 Summary of alteration stages 235
vVi-3 Temperature ranges for characteristic secondary

minerals 237

vVi-4 Oxygen and carbon isotopic data and calculated
temperatures of formation of calcites fram
the CY¥-1 and CY-la drillcores 239
VI-5 Oxygen and carbon isotopic data and calculated
temperatures of formation of calcites fram the

Pediaeos and Akaki River sections 241
VIi-6 Physical and chemical conditions in each alteration

zone for each stage 254
VII-1 K, Ro, and Sr contents and 87gr/86gr of

secondary minerals from the CY-1 drillcore 263

VII-2 K, Ro, and Sr contents and 87gr/86gr of
secondary minerals fram the Akaki and Pediaeos
River sections 264
VII-3 Timing duration of alteration stages 276
Xi1i1



LIST OF PLATES

bage

III~-1. A. Typical field appearance of the Sm-Pa-Ca Zone.

B. Close-up of pillow margins and interpillow

breccia. 5@
II1I-2. Lava-Perapedhi Formation boundary along the

eastern most tributary of the Pediaeos River. Y]
III-3. Example of the typical lithologies and alteration ~

beneath fault~bounded umber deposits. 62
III-4. Typical mineral assemblages in pillowed lavas

of the Sm-Ce-Ze Zone. 66
III-5. Typical mineral assemblages in massive and thin

flows of the Sm~Ce~Ze Zone. 68
I1I-6. Brecciated flow top. 71
III-7. Late stage vertical to near-vertical palygorskite

+ calcite veins. 81
III-8. Typical mineral assemblages in the La-Sm/Ch-Qz

Zone. 86
IIT-9. Light grey halos rim pyrite + chlorite + quartz

veins. 91
I11-18. Irreqular mauve to light green color zonation

within a massive flow. 93
I1I-11. A. The groundmass surrounding medium to coarse

grained calcite + epidote-filled wvug.

B. Epidotized zone within intrusive unit.

C. Coarse grained epidote + calcite +

jasper-filled wvug. 926
Iv-l. Typical clay mineral zonations. 143
Iv-2. Alteration of primary minerals. 167
Iv=3. A. Alteration of glassy pillow margin.

B. Alteration of glassy massive flow margin. 179

Xiv



ACKNOWLEDGEMENTS

I wish to thank Dr. Paul Robinson for orginally suggesting this
project, for his help and advice, and for providing opportunities to
visit other labs and conferences. Drs Becky Jamieson, Pat Ryall, and
Marcos Zentilli are thanked for their continued support and advice.
Critical comments fram Dr. Becky Jamieson and Dr. Matt Salisbury are
much appreciated.

The patience and careful work of Gordon Brown to produce
excellent thin sections fram grungy material made an important aspect of
this work possible. Microprobe analyses were obtained with the guidance
of Bob MacKay and Henry Longerich (Memorial University). Keith Taylor,
S. Parikh, and Kevin Camercn provided lab support and Doug Meggiscon
drafted many figures. The patience of Jane Barrett, as I constantly
borrowed her supplies, is greatly appreciated.

Dr. Alan Zindler is thanked for providing access to the isotope
lab at Lamont-Doherty Geological Observatory and Dr. Hubert Staudigel is
thanked for his guidance in the lab.

Dr. David Scott and Dr. Peter Reynolds are thanked for providing
stable isotope data.

I am also grateful to Costos Xenophontos, Georges Constantinou,
aand Costos Savrides of the Cyprus Geological Survey and Nicos Adamides,
formerly of Hellenic Mining Company, for their introduction to the
geology of Cyprus and their guidance and help during my field seasons.
Members of the ICRDG are thanked for stimulating discussions and
cooperative work in the core lab.

The warm friendship and hospitality of my friends in the village
of Miterso made my visits to Cyprus most enjoyable and worthwhile.

Jim Mehegan, Dave Bailey, and Sherry Dunsworth are sincerely
thanked for moral support and fun while in the field and back hame.
Fellow graduate students, kindred spirits in the rat-race of thesis
writing, also provided humor, support, and a sounding board for ideas.

My work was financially supported by NSERC grants to Dr. Paul
Robinson. Dalhousie University provided a graduate student fellowship.

Xv



CHAPTER 1

INTRODUCTION

1.1 GENERAL STATEMENT

The discovery of hydrothermal vents at both fast (e.g. 21°N, EPR,
Edmond et al. 1979) and slow (e.g. 23° N, MAR, Leg 106 Scientific Party,
in press) spreading centres and the regular flucutation of heat flow
measurements away fram mid-ocean ridges (Green et al. 1981; Williams et
al. 1974) confirm that hydrothermal circulation is an important process
in the modern coceanic crust. In fact, the presence of polymetallic
sulfide deposits in oceanic crust of all ages indicates that
hydrothermal circulation of seawater has been an important process
throughout geologic time (Franklin et al. 1981). Estimates for the
duration c_)f this circulation from heat flow rrieasurements range fram 5-6
Ma (Galapagos) to 60-70 Ma (Atlantic) (Anderson & Skilbeck 1981),
depending upon the rates of spreading and sedimentation (Anderson et al.
1977; Anderson & Hobart 1976). Chemical and isotopic studies of drilled
and dredged rocks of various ages from different geolcgic settings show
that the oceanic crust has reacted with circulating seawater (Honnorez
1981). These cbservations have led same investigators to speculate that
the oceanic crust is an important sink and source for chemical exchanges
that control the composition of seawater (Thompson 1983; Edmond et al.
1979; Humphris & Thampson 1978; Wolery & Sleep 1976) and that the
recycling of this chemically modified oceanic crust at destructive plate
margins may influence arc magmatism and the camposition of the mantle
(Spooner 19890). Before models for geochemical mass—balancing may be

properly constrained, however, a much better understanding of how the
1



. 2
canposition and structure of the oceanic crust evolves is required.

The drillcores recovered by the Deep Sea Drilling Project (DSDP)
and Ocean Drilling Project (ODP) have provided valuable information
about the upper 1000 m of the oceanic crust. The diversity of the
recovered core, however, has shown that the rocks have undergone several
progressive and cammonly overlapping stages of alteration, generally at
low temperatures (Honnorez 1981). Three holes drilled in Cretaceous
crust during DSDP legs 51-53, Holes 417A, 417D, and 41837, indicate that
the lateral and vertical variation in the pervasiveness of alteration in
the uppermost crust is significant and that below this zone of intense
alteration the rocks are variably altered with fresh glass being locally
preserved (Shipboard Scientific Crew, Legs 51, 51, & 53, 1979 a&b). The
rocks recovered at Hole 504B, the only deep basement hole, showed the
same zonation in alteration, with the upper pillows being more intensely
altered than the underlying pillows (Honnorez et al. 1983). The
lithologic transition zone fram the extrusive sequence into the sheeted
dyke camplex, where alteration conditions change fram low to high
temperature, was also sampled at this site (Alt et al. 1985).
Measurments of "in situ" permeability (Anderson et al. 1985) and bulk
porosity (Becker 1985) indicate that permeability decreases almost
exponentially with depth whereas the temperature gradient during the
earliest stages of alteration was stepped, with nearly isothermal
conditions in the permeable extrusive sequence, a sharp increase across
the lithologic transition zone, and near normal gradient in the sheeted
dyke camplex (Alt et al. 1986). These observations provide new boundary
conditions for mathematical models of hydrothermal circulation and new

constraints for models of crustal aging. How representative these



3
conditions are of normal crust, however, is not known. The only other

recovered "in situ" oceanic rocks altered at higher temperatures were
dredged fram fault scarps and are therefore not necessarily
representative of alteration deep in the crust.

Many early models for the structure and evolution of oceanic
crust came fram studies of ophiolites (e.g. Gass 1980; Coleman 1977).
Geophysical studies showed thét the gross structure of "in situ" crust
is analogous to ophiolites (e.g. Salisbury & Christensen 1978), even
though most ophiolites are now believed to have formed at spreading axes
in marginal basins (e.g. Sarmentio, Stern & Elthon 1979) or
subduction-related enviromments (e.g. Troodos, Robinson et al. 1983)
rather than at typical mid-ocean ridges. The presence of exhalative
sulfide deposits in many ophiolites (e.g. Troodos, Semail, Bett's Cove)
and the alteration of the exposed rocks led to the prediction that deep
hydrothermal circulation was associated with magmatism close to ridge
axes and the development of regiénal metamorphic zones whose grade and
intensity of alteration increase with increasing depth (McCulloch et al.
1989; Stern & Elthon 1979; Liou & Ernst 1979; Spooner et al. 1977 as&b;
Constantinou & Govett 1973; Gass & Spooner 1973; Spooner & Fyfe 1973).

The Troodos ophiolite is probably the most studied ophiolite in
the world and hence has influenced the formulation of models for crustal
accretion and hydrothermal circulation (e.g. Gass 1980; Spooner 1977;
Spooner et al. 1977b; Gass & Smewing 1973; Moores & Vine 1971). In.
1982, a major re-investigation of the Troodos ophiolite, including
extensive field mapping and deep drilling, was undertaken by the
International Crustal Research Drilling Group (ICRDG). During the early

stages of the project, field investigations showed that fresh glass was



preserved throughout the extrusive sequence indicating that the rocks
were not pervasively metamorphosed (Robinson et al. 1983; Robinson,
pers. camm., 1982) as had previously been proposed (Gass & Smewing
1973). These cbservations suggested that the pattern of alteration in
the extrusive sequence is analogous to "in situ" oceanic crust sampled
by DSDP.

This thesis was undertaken to test this hypothesis and to
re~evaluate the models for alteration and hydrothermal circulation in
the Troodos ophiolite, concentrating on the broad zones of downwelling.
The cambination of field outcrops with ICRDG drillcore provided a unique
opportunity to study the three-dimensional relationships among
hydrothermal circulation, ore deposition, and crustal aging. The
stratigraphic and petrologic framework developed for the extrusive
sequence (Mehegan & Robinson 1985; Bailey 1984; Robinson et al. 1983;
Schmincke et al. 1983) and investigations of the ore deposits (e.g.
ICRDG 1984; Adamides 1984; Lydon 1984; Constantinou 1987) greatly
enhanced this study.

The objective of this thesis was to develop a spatial and
temporal model for the alteration of the extrusive sequence along the
northern flank of the Troodos ophiolite which distinguishes the effects
of hydrothermal circulation, crustal aging, and the uplift and
subsequent emplacement of the ophiolite. Detailed field studies
cambined with mineralogic and chemical investigations provided a
framework for the delineation of progressive stages of alteration with
constant physical and chemical conditions. Campariscon of the observed
alteration pattern in Troodos with alteration studies of "in situ”

oceanic crust is important to evaluate the “representativeness" of



Troodos of more normal oceanic crust.

1.2 PREVIOUS STUDIES

Alteration studies of the Troodos ophiolite date back to ancient
times when the Phoenicians and Ramans used gossans as an exploration
tool in the search for sulfide deposits. Focus since that time has
remained upon the ore deposits because, until recently, their
exploitation served as an important base of the Cypriot econamy.

The spatial distribution of characteristic secondary minerals,
combined with stratigraphic and primary mineralogic criteria, was used
to divide the extrusive sequence into the Upper Pillow Lavas (UPL) and
Lower Pillow Lavas (LPL) (Bear 1960; Carr & Bear 196@; Gass 1960). Gass
& Smewing (1973) proposed that the UPL/LPL subdivision corresponded to a
metamorphic discontinuity. They suggested that the LPL and sheeted dyke
camplex formed at a constructive plate margin and were pervasively
metamorphosed within 109 km of the spreading centre. The metamorphic
grade of this "axis" sequence increased gradually with increasing depth,
fram zeolite to greenschist facies, and was not correlated with a change
in the intrusive/extrusive ratio. The overlying, "off-axis" sequence
(UPL) formed after this metamorphism, away fram the spreading centre.

It was also metamorphosed to the zeolite facies but with different
characteristic minerals than those of the "axis" sequence (LPL) (Smewing
1975).

Stable isotopic studies of altered rocks (Spooner et al. 1977b;
Chapman & Spooner 1977; Heaton & Shepperd 1977) and fluid inclusion
studies (Spoocner & Bray 1977) have shown that the altering fluid was

seawater. Oxidation (Spooner et al. 1977b) and al8y (Heaton & Shepperd
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1977) depth profiles have shown that away fram the sulfide deposits, the

direction of seawater flow was dominantly downward. These observations
led to the prediction that hydrothermal circulation of seawater through
the upper 3-5 km of the ophiolite resulted in the formation of the
massive sulphide deposits (Parmientier & Spooner 1978; Spooner 1977;
Heaton & Shepperd 1977; Spooner & Bray 1977; Chapman & Spooner 1977;
Spooner et al. 1977b). It was envisaged that seawater penetrated the
crust in broad zones of downwelling, was heated at depth, and returned
to the surface in focussed conduits (Parmentier & Spooner 1978). The
recharge zones are characterised by the regional metamorphism described
by Gass & Smewing (1973) and the discharge zones are marked by the
sulfide deposits. Spooner et al. (1977b) estimated water/rock ratios
for this alteration ranging fram 15:1 (Sr isotopes) to 3 x 193:1
(oxidatiop) . In contrast, Heaton & Shepperd (1977) suggested cn the
basis of O isotopes that the water/rock ratios decrease fram >1 in the
zeolite facies pillow lavas to @.1 in the greenschist facies rocks.
Until recently, investigators generally agreed with the model for
increasing metamorphic grade with depth developed by Gass & Smewing
(1973) (Gass 1980; Constantinou 1980; Kay & Senechal 1976; Adamides
1975; Pearce & Cann 1973; Constantinou & Govett 1972). The recognition
of fresh glass throughout the extrusive sequence (Robinson et al. 1983),
however, indicated that the rocks were not pervasively metamorphosed and
that alteration facies were not stratigraphically controlled. Clearly,
further investigations were in order to understand the nature of

alteration of the Troodos ophiolite.



CHAPTER II

GEOLOGY OF CYPRUS

2.1 INTRODUCTION

The Troodos ophiolite is located on the island of Cyprus in the
eastern Mediterranean Sea (Figure II-1). It is the north-western
end-member of a belt of Cretaceous cphiolites which are discontinuously
exposed along the margin of the Arabian plate (Mcores et al. 1984).
Although it is generally accepted that the complex formed at a spreading
axis (Schmincke et al. 1983; McCulloch & Cameron 1983; Robertson &
woodcock 198@; Pearce 1975; Moores & Vine 1971), controversy still
exists as to its specific tectonic enviromment. A mature island arc
(Miyashiro 1973), an immature arc (Rautenschlein et al. 1985; Thy et al.
1985; Moores et al. 1984; Robinson et al. 1983) and a marginal basin
(Smewing et al. 1975; Pearce & Cann 1973) have all been suggested.

In the following chapter, the geology of Cyprus is briefly
reviewed, the field area is defined, and the ignecus stratigraphy of
specific localities within the field area is summarized. Typical

lithologic features of the extrusive sequence are also described.

2.2 GEOLOGY OF CYPRUS

The Troodos ophiolite forms an elongate WNW-trending damal
structure in central Cyprus which occupies approximately one-~third of
the island's 9520 km?, Three tectonic zones comprise the remaining
areas of the island: the Mamonia Camplex, the Kyrenia Range, and a

sedimentary succession (Figure II-2).
7



Figure II-1. Map of the eastern Mediterranean showing the location of
the Troodos ophiolite and other Cretaceocus ophiolites in the region

(modified after Robertson & Woodcock 1980).



30° 32° 54° 3%‘

-38° Ie) A
o)
S %, &
o
oY A &
<™ ANTALYA 2, N5
COMPLEXD < S
: N
&
K\

HATAY

2 ALANYA
/ Y ANTALYA
. S gasin
TROODOS.
<::§S OPHIOLITEZ

CYPRUS

BAER-
BASSIT

ERATOSTHENES
SEAMOUNT~

NILE CONE
ARABIAN
PLATFORM

EGYPT




Figure I1I-2. Geologic map of Cyprus.
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2.2.1 Kyrenia Range

The Kyrenia Range forms an arcuate, east-west trending belt of
autochthonous and allochthonous rocks along the northern coast of
Cyprus. The allochthonous rocks include a sequence of Permian to
Miocene limestones, pelagic chalks, radiolarites, and volcanic rocks
which are locally intermixed with undated serpentinites and metamorphic
rocks. The volcanic rocks include a Maastrichtian alkaline (Pearce
1975) to calc-alkaline (Baroz et al. 1975) suite and a Paleocene
shoshonitic suite (Baroz 1989). Thesé rocks are stacked in four north—
to northeast-dipping thrust slices that have been internally folded
(Baroz et al. 1976; Biju-Duval et al. 1976) and are flanked both to the
north and south by terrigenous flysch deposits (Baroz 1977). The
allochthonous rock sequences, which include remnants of a volcanic arc,
were emplaced during the late Oligocene to early Miocene (Robertson &
Woodcock 1980; Baroz et al. 1975). The mountain range is bounded to the
south by a strike-slip fault and is not underlain by mafic or ultramafic

rocks at shallow depths (Aubert & Baroz 1974).

2.2.2 Mamonia Canplex

The Mamonia Complex is exposed south and southwest of the Troodos
ophiolite. Two rock assemblages daminate the camplex: 1) the Late
Triassic Dhiarizos Group which contains mafic volcanic rocks, reef
limestones, and hemipelagic sedimentary rocks and 2) the Late Triassic
to Middle Cretaceous Ayios Photios Group which contains quartzose
sandstone, platform and hemipelagic limestone, and pelagic siliceous
sedimentary rocks (Swarbrick 1980). These rocks are stacked in

sub~-horizontal thrust sheets. A major east-west trending arcuate belt
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of serpentinite and associated igneous and metamorphic rocks cuts across

the camplex (Robertson & Woodcock 1980). Emplacement fram the
northeast, either as thrust sheets over an autochthonous Troodos Massif
or entrained beneath, and emplaced with, an allochthonous Troodos Massif
has been suggested (Baroz et al. 1976; Biju-Duval et al. 1976; lapierre
1975; Turner 1973). Alternatively, Swarbrick (1980) has proposed that
the allechthonous rocks of the Mamonia Camplex were emplaced fram the

southwest and are separated fram the ophiolite by a transcurrent fault.

2.2.3 Sedimentary Rocks

The sedimentary sequences that overlie the Troodos ophiolite and
the Mamonia Camplex record a camplex history of episodic uplift,
subsidence, erosion, and peneplanation (Robertson 1977). ‘ Metalliferous
sediments of the basal Perapedhi Formation were deposited during the
waning stages of volcanism in small hollows and fault-bounded
depressions along the top of the lava sequence (Robertson & Boyle 1983).
Unbers, radiolarites, and bentonitic claystones form beds which are
generally < 4 m thick but may be up to 35 m thick. These Turonian
sediments (Blame & Irwin 1985) are cammonly underlain by altered and
fragmented, pale grey pillows with fresh glassy margins.

Maastrichtian volcanogenic and bentonitic clays of the Kannaviou
Formation camformably overlie the Perapedhi Formation or unconformably
overlie the Troodos lavas and the Mamonia Camplex. Scuth and west of
the ophiolite, sequences are up to 60@0 m thick whereas scattered beds
< 14 m thick are present on the north and east.

Pelagic calcareous sediments of the Lefkara Formation were

deposited during the next major period of sedimentation (Pantazis 1967).
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Thick sequences of fine-grained, finely laminated chalks were deposited

during the late Maastrichtian in the south whereas to the north, beds

< 25 m thick accumilated in broad hollows. Deposition of massive to
weakly bedded chalks and intercalated cherts in sequences up to 30@ m
thick followed during the Paleocene and Lower Eocene. The overlying
sequence of chert-free chalks, marls, reef limestones, and calcarenites,
deposited during the Upper Eocene and Lower Miocene, records a gradual
regression and the cessation of Lefkara sedimentation (Robertson &
Woodcock 1989) .

During the Middle Miocene, reef limestones, chalks, marls,
calcarenites, conglamerates, and evaporites of the Pahkna and Koronia
Formations record several periods of transgression and regression
triggered by uplift in the Limassol Forest area.

The final emplacement of the Kyrenia Range fram the north and
major faulting in the Troodos volcanic basement during the Late Miocene
and Pliocene influenced the next episcde of sedimentation. Thick
sequences of the Nicosia, Myrthou Marl, and Athalassa Formations were
transgressively deposited over the older formations and locally over the
volcanic rocks.

Uplift during the Pleistocene led to deposition of the
Fanglamerate Series. Uplift has continued since the Quaternary,
resulting in minor erosion of the Fanglamerates and incision of most

streams.

2.2.4 Troodos Ophiolite
The Troodos ophiolite is a pseudostratified igneous succession

camposed of three main rock units: a plutonic camplex, a sheeted dyke



15
camplex, and an extrusive sequence. Uplift of approximately 2000 m

during the Tertiary and subsequent erosion have exposed all
stratigraphic levels of the massif with the lowermost plutonic camplex
being exposed in the core of the Troodos mountains and the extrusive
sequence along its periphery.

The plutonic camplex consists of tectonized harzburgite, dunite,
olivine pyroxenite, isotropic olivine gabbro, and plagiogranite (Moores
& Vine 1971). Two suites have been recognised within the camplex on the
basis of intrusive contacts and deformation styles: an early suite of
tectonized harzburgite, dunite with chramite, and layered olivine
pyroxenite which has undergone high-temperature deformation, and a later
suite of poikilitic plagioclase peridotite, pyroxenite, and
pyroxene~hornblende gabbro which is weakly and inhamogeneously deformed
(Dunsworth & Calon 1984).

The boundary between the plutonic camplex and the overlying
sheeted dyke camplex is variable. Dykes intruding gabbros, gabbros
intruding dykes, and dykes in fault contact with gabbros have all been
documented in the field (Malpas, pers. camm., 1984).

Dyke swarms within the sheeted camplex have variable crientation
and individual dykes range in thickness fram a few centimetres to a few
metres (Baragar et al. 1984). Most dykes are aphyric but same contain
sparse phenocrysts of clinopyroxene and olivine. The dykes are
typically fine to medium grained, greyish-green, and variably altered to
greenschist or amphibolite mineral assemblages. The Basal Group, with
screens of pillows between the dykes, camprises the upper portion of the
sheeted dyke camplex (Bear 1960; Wilson 1959; Gass 1960). These pillow

screens vary fram thin bands of highly altered material to hamogeneous
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zones up to 15 m wide in which the original pillow morpholegy is

preserved. The Basal Group grades upward into the extrusive sequence
over a 190 to 150 m interval where the dyke density decreases fram >99%
to <50%.

The extrusive sequence is camposed of pillows, massive and sheet
flows, volcanic breccias, and hyaloclastites. It was divided by early
workers into the Upper Pillow Lavas (UPL) and the Lower Pillow Lavas
(LPL) on the basis of color, abundance of olivine, assemblages of
secondary minerals, and the location of massive sulfide orebodies (Bear
1960; Gass 1960). Gass & Smewing (1973) divided the sequence into an
axis sequence, consisting of the Lower Pillow Lavas and the sheeted
dykes, and a younger, off-axis sequence, represented by the Upper Pillow
ILavas, based upon a supposed metamorphic boundary within the camplex.

Two distinct geochemical suites have been outlined for the lavas
fram the northern flank of the ophiolite based on glass and whole rock
campositions: 1) a lower andesite - dacite - rhyodacite assemblage of
arc tholeiite affinity and 2) an upper picritic basalt - andesitic
basalt assemblage with a depleted arc tholeiite affinity (Mehegan &
Robinson 1985; Thy et al. 1985; Robinson et al. 1983). These suites are
hereafter referred to as the arc tholeiite suite and the high MgO - high
810, suite, respectively (Robinson et al. 1983). The stratigraphic
level of this geochemical boundary is variable within the extrusive
sequence in relation to the former UPL/LPL boundary (Figure II-3). A
third suite of highly depleted basalts with "boninitic" affinities has
been recognised on the southern flank of Troodos (Mehegan & Robinson
1985).

Radiolarian fauna in the umbers interbedded with and overlying
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Figure II-3. Schematic stratigraphic column which illustrates the
historical development of the divisions in the extrusive sequence
and Basal Group. 1 Bear (196d), Gass (1960), and others, 2 Gass &
Smewing (1973), 3 Robinson et al. 1983, 4 lithostratigraphic

sequences used in this study.
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the extrusive sequence (Blame & Irwin 1985) and U-Pb zircon ages from

the plagiogranites (Mukasa & Ludden 1986) indicate that the ophiolite
formed during or prior to the Turonian (88.5 - 91.5 Ma, Hartland et al.
1982). K/Ar ages fram whole rock samples are generally lower and were
probably re-set after igneous emplacement (Staudigel et al. 1986;

Delaloye et al. 1980).

2.3 FIELD AREAS

The study area includes the region between the villages of
Peristerona and Margi along the northern flank of the ophiolite,
extending fram the top of the lavas to the Basal Group (Figure II-4).
Within this area, several locations were studied in considerable detail.
The volcanic stratigraphy and structure of each of these localities,
presented- in the following section, are based upon the field mapping of
J. Mehegan, D. Bailey, P. Robinson, M. Rautenschlein, and H.-U.
Schmincke during the 1981-1982 field seasons.

The extrusive sequence in each of these areas was subdivided into
several lithologic units based upon mineralogy, cooling-unit type, and
color. These units cannot be correlated on a regional scale because
they are laterally discontinuous and because of poor exposures between
river sections. For simplicity, these lithologic units have been
grouped into three major lithostratigraphic sequences which are mappable
on a regional scale (Mehegan, unpublished data, 1985; Robinson et al.
1983). They are, fram oldest to youngest:

Sequence I: aphyric to sparsely plagioclase- and clinopyroxene-phyric
lavas

Sequence II: aphyric to sparsely olivine-clinopyroxene-phyric lavas



Figure II-4. Geologic map of the study area. The areas studied in

detail are outlined (modified after Bear 1960 and Gass 1960).
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Sequence III: aphyric, olivine-clinopyroxene-phyric, and picritic lavas

In the study area, Sequences I and III are ubiquitous whereas
locally Sequence II may be absent. In the Kambia - Mathiati area,
Sequence III is separated fram Sequence I by a <1-1@ m thick horizon of
umbers and very fine-grained massive to finely laminated mudstones.
Elsewhere, Sequence I is directly overlain by Sequence II or III.

The basal Sequence I, daminated by massive and sheet flows with
lesser pillows, breccias, and hyaloclastites, is andesitic - dacitic -
rhyolitic in canposition and corresponds to the arc tholeiite suite of
Robinson et al. (1983) (Figure II-3). Its thickness, difficult to
estimate due to dyke intrusion at its base, is 300 - 500 m. Flows and
pillows are locally separated by thin (<1 m) layers of hyaloclastite.

The overlying Sequence II lavas, basalt to basaltic andesite in
camposition, belong to the high MgO-high Si02 geochemical suite. This
sequence may be up to 6@ m thick and is camposed of alternating
sequences of pillows and flows. Subvertical dykes and sills are less
abundant than in the lower sequence. Coarse-grained, doleritic
intrusive bodies, several tens of metres in width, often have a layered
appearance although they have no discernable grain size or mineralogical
variation. They have been interpreted as the synvolcanic feeders for
the pillowed units (M. Rautenschlein, pers. comm., 1985).

Sequence III lavas, also part of the high MgO-high SiO, gyjte,
are daminated by olivine-phyric and picritic pillows with lesser amounts
of massive and sheet flows, pillow fragment breccias, and
hyaloclastites. The stratigraphic distribution of the aphyric to
olivine- and clinopyroxene-phyric units and picrites is variable (Bailey

1984; Boyle & Robertson 1984; Malpas & Langdon 1984). Lenticular pillow
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fragments in a clay-carbonate matrix overlie heavily veined and

fractured pillows near the top of the lava pile. Yellowish-brown,
ferrunginous interpillow sediment is locally abundant at the top of the
lava pile but decreases rapidly with depth. Intrusive bodies are rare

or absent at this stratigraphic level.

2.3.1 Peristerona

The extrusive sequence exposed along the Peristerona River, 5 km
south of the village of Orounda, is overlain by Recent alluvium and
fanglomerates. West of the river section, small patchily distributed
deposits of umber are overlain by the Myrotou Marl or Pahkna Formations
(Carr & Bear 1964).

Alteration studies in this area were confined to the upper
aphyric to plivine—climpyroxene phyric pillows, breccias, and thin

flows of Sequence III.

2.3.2 Malounda

One of the thickest sections of the Troodos extrusive sequence is
exposed along the Akaki River, west of the villages of Malounda and
Klirou (Figure II-4). The lavas in this area are overlain by chalks of
the upper Lefkara Formation (Figure II-5). The 15¢0@~m-thick section has
been subdivided into 11 lithologic units daminated by either pillowed
lavas or massive and sheet flows (Schmincke et al. 1983), (Figure II-G).
Same parts of the section may be structurally repeated, reducing the
true thickness to 1250 m (Mehegan, unpublished data, 1986). The
regional dip is 20-3@° to the northwest and the dykes trend north to

northwest. When the lavas are rotated to a horizontal position, the



24

Figure II-5. Comparative sections illustrating the variable thicknesses
of the sedimentary formations in the study area (modified after

Bear 1964).
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Figure II-6. Lithology of the extrusive sequence along the Akaki River
and the locations of the CY-1 and CY-la drillsites. Inset is a
schematic stratigraphic section which shows the lithologic units of
Schmincke et al. (1983) and the lithostratigraphic units of this
study (modified after Mehegan, unpublished data, 1986 and Schmincke

et al. 1983).
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dykes are vertical to near vertical.

The lower 30¢0 m consists of aphyric to sparsely clinopyroxene—
and plagioclase-microphyric pillows, flows, and hyaloclastites which
belong to Sequence I. Most rocks are grey to greyish-—green, alteration
is erratic, and fresh glass is cammonly preserved.

Sequence II in this area consists of 700-1000 m of dominantly
pillows and massive or sheet flows. Towards the base of this section,
the abundance of flows and hyaloclastites increases. Qverlying the
Sequence II rocks are reddish- to yellowish~brown, aphyric to
olivine-phyric and picritic pillows and pillow breccias up to 250 m
thick which are assigned to Sequence III. The pillow margins in
Sequence III are totally altered and interpillow voids are filled with
carbonate and clay.

Resistant vertical zones, camposed of reddish-grey basalt
fragments in a sparry calcite matrix occur throughout Sequences I and
II. These zones are 1 - 2 m wide and often have an oxidation halo which
extends several meters into the surrounding rock. Schmincke et al.
(1983) suggested that they represent syn- to post-volcanic fault zones.

Two holes were drilled in the extrusive sequence in the Akaki
River canyon by the ICRDG during the summers of 1982 and 1984. Cy-1,
spudded in at the lava-sediment interface 1.5 km northwest of Malounda,
penetrated the upper 475 m of the sequence (Figure II-6). Thirty
lithologic units, which vary in thickness fram 5 - 5 m, have been
defined (Robinson & Gibson 1983). Pillowed lavas camprise 42%, massive
and thin flows 32%, pillow fragment breccias 12%, and intrusions 2% of
the recovered core. A few dykes, 5 - 20 an wide, intrude the section

below 350 m and a l.4-m~wide fault cuts the section at 438.0 m.
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The lithologies of CY=-1 are similar to the upper 580 m of the

Akaki River section (Figure II-7). Reddish-green, olivine- to sparsely
olivine-phyric and picritic pillows and breccias camprise the upper

250 m of the section. These Sequence III rocks grade into greenish-grey
to grey, aphyric to sparsely olivine-phyric pillows and flows. The
boundary between Sequences II and III occurs at 250 m depth.

CY¥-la, drilled due west of Malounda to allow for 50-75 m of
stratigraphic overlap with the drilled core of Cy-1l, penetrated 702 m.
Thirty lithologic units have been defined that are daminated either by
pillows, glassy and crystalline flows, massive flows, or dykes (Figure
II-8). Pillows camnprise 7.2%, massive and sheet flows 45.5%,
undifferentiated flows and dykes 6.6%, dykes 34.2%, and hyaloclastites
5.0% of the recovered core.

The lithologies of CY-la are similar to those of the lower half
of the Akaki River section. Dykes increase in abundance, however, at a
shallower depth than in the exposed section. Greyish—green, aphyric to
sparsely olivine- and clinopyroxene-phyric pillows and flows camprise
the upper 200 m of Cy-la. Aphyric dykes increase in abundance below
this depth and interfinger with aphyric to sparsely plagioclase~ and
clinopyroxene—-phyric flows and glassy breccias. The lavas in the upper
350 -~ 429 m and the dykes throughout the drillcore belong to the high
MgO - high SiO, suite (Sequence II). Below this depth, the lavas belong

to the arc tholeiite suite (Sequence I).

2.3.3 Kambia
A 6dd-m—thick volcanic sequence is exposed along the Pediaeous

River in the Kambia area (Figure II-4). The sequence has been divided
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Figure II-7. Schematic lithologic column of the CY-1 drillcore. The
lithostratigraphic units of this study are marked to the right of

the lithologic descriptions (modified after Douma & Robinson 1984).
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f.g. aphyric dykes; v.f.-l.g. aphyric
thin & nassive flows; wminor aphyric
pillows, hyaloclastite, & pillow breccia
(Units 13-23)

v.f.~f.g. aphyric thin & wzassive flows;
v.f.g2. aphyric dykes with thin brecciated
zones (Units 24-25)

v.f.~f.g. aphyric pillows & thin flows;
winor breccia (Unit 26)

v.f.-f.g. apnyric thin & wassive flows
with brecciated zones; v.f{.-f.g. aphyric
dykes; winor aphyric pillows and breccia
(Units 27-29)

f.g. aphyric flows with minor
trecciation; f.g. aphyric f{lows with
alternating glassy & crystalline zones;
v.f,g. aphyric dykes (Unit 30}

f.g. aphyric dykes; v.f.-f.g. aphyric
thin & massive flows with brecciateg
zones {(Units 31-34)

|
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the lithologic descriptions (modified after Horne & Robinson 1986).
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into seven major lithologic units, each 20 - 200 m thick (Mehegan,

unpublished data, 1986). The lowermost units A-E correspond to Sequence
I whereas the overlying units E-G correspond to Sequence III (Figure
II-9). Sequence II is absent in this section and the boundary between
Sequnces I and III represents the UPL/LPL boundary in the area.

Aphyric to sparsely clinopyroxene- and plagioclase-phyric flows
and pillows with minor hyaloclastite comprise Sequence I. Toward the
base of this 5@@-m-thick sequence, dykes became markedly more abundant,
increasing fram 20% to >90%.

The lavas in Sequence III are overlain locally by umbers of the
Perapedhi Formation (Figure II-4) and are not pervasively oxidized.
Pillows in the uppermost 2-5 m have grey, crumbly interiors and cammonly
have well preserved glassy margins. Below this zone, pillows are grey
to greyish-green with patchily distributed zones of oxidation.
Interpillow umberiferous, yellowish-brown sediment is most abundant

towards the lava/sediment boundary.

2.3.4 Kataliondas

South of the village of Analiondas, an isolated block of the
Perapedhi Formation overlies lavas which were mapped previcusly as LPL
(Figure II-4). Recent investigation has indicated that these rocks
belong to the high MgO - high Si0; gyite (Mehegan, unpublished data,
1984) and the lack of olivine suggests that they belong to Sequence II.

Immediately below the umbers there is a 5-m-thick unit of grey to
greyish-green, aphyric pillows. A thin breccia zone, containing basalt
fragments in a hematite—-smectite matrix, is interbedded between the

pillowed unit and underlying green to brown massive and thin flows.
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olivine-phyric, fine~grained pillow lavas
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Unit B 111
Reddish-grey, aphyric and sparsely
olivine-phyric pillow lavas grade down
into moderately olivine phyric pillows and
picritic flows with moderately phyric flow
tops (10 - 30 m thick).

Unit C
Grey, aphyric to sparsely olivine-phyric
pillows, massive intrusions, and massive
flows (30 - S0 m thick)

I

Uait D
Aphyric pillows, sheet flows, and
hyaloclastites with minor dykes (300 o
thick)

Unit E
Fresh hyaloclastites and very
fined~grained pillows (20 - 30 = thick)

Unit F
Greyish-green, aphyric sheet flows,
aphyric, and olivine-phyric dykes (20 -
30 @ thick) |

Unit G
Dark grey to greyish-green, aphyric to
sparsely plagioclase-phyric pillows, sheet
flows, hyaloclastites, and dykes (200 m
thick)

Figure II-9. Schematic lithologic column of the extrusive sequence

along the eastermmost tributary of the Pediaeos River. The

regional lithostratigraphic sequences of this study are outlined
to the right of the lithologic descriptions (after Mehegan,
unpublished data, 1985).
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Fresh glass occurs along flow margins in the lower flow unit but none

was observed within the pillow unit. Yellowish-brown, umberiferous
sediment locally fills interpillow voids towards the top of the section.
A few vuggy zones, with basalt fragments in a sparry calcite

matrix, cross—cut the lavas.

2.3.5 Margi

South and west of the village of Margi there are excellent
exposures of the extrusive sequence in fault contact with the overlying
Perapedhi and lefkara Formations (Figure II-5). An area of 4 km2
containing a 35@-m-thick stratigraphic sequence (Bailey 1984) was
studied in detail and reconnaissance mapping was carried out in the
neighbouring areas.

The volcanic sequence has been subdivided into 3
lithostratigraphic units by Bailey (1984) of which the two upper units
belong to Sequence III (Figure II-10). The lower unit corresponds to
Sequence I and is separated fram the overlying units by a 10-3@-cm-thick
horizon of umberiferous sediment. This horizon is present throughout
the eastern portion of the study area (Boyle & Robertson 1983; L.
Lewczuk, pers. camm., 1985).

The Sequence I lavas are chiefly dark brown to grey aphyric to
sparsely clinopyroxene- and plagioclase-phyric pillows and massive and
sheet flows which are locally separated by <l-m-thick, discontinuous
hyaloclastite layers.

Aphyric and olivine-phyric pillows and thin flows comprise the
overlying units which belong to Sequence III. Fresh glassy margins are

locally preserved where the lavas are directly overlain by the umbers
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Chalks

Umbers/Cherts

Unit III
A. Aphyric pillows and thin flows
B. sparsely olivipe phyric pillows

and flows

Unit II
E A. Crystalline olivine phyric pillows i
—~ and thin flows
» B. Glassy olivine phyric pillows
g C. Picritic pillows
c D. Picritic~based flows
5 E. Aphyric massive flows
= F. Olivine microphyric flows
p= G. Clinopyroxene microphyric flows

WVVYVY o
WVVVVVVVYV ==
VVYVYVVYVVVVY

VVVVVVVYVY Unit I

v vy vvrvy Aphyric and

VYV VVVYVVVVY plagioclase-clinopyroxene-phyric pillows |
YYYYYYYYYY and flows

Figure II-10. Schematic lithologic column of the Margi area. The
regional lithostratigraphic sequences of this study are outlined

to the right of the lithologic descriptions (modified after Bailey
1984).
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of the Perapedhi Formation. The underlying 175-m~thick sequence is

daminated by olivine-phyric pillows and thin flows which vary in form
and modal mineralogy. Other minor lithologies are: olivine-phyric
pillows, picritic pillows, thick flows with picritic bases, aphyric
massive flows, clinopyroxene-phyric flows, and <l-m-thick hyaloclastite
layers (Bailey 1984). Sequence III in the Margi area is unusual in its

high abundance of fresh picritic pillows and flows.

2.4 LITHOLOGIC FEATURES

The extrusive sequence of the Troodos ophiolite consists largely
of pillowed lavas, sheet, thin and massive flows with lesser amounts of
breccias and hyaloclastites. These rocks are cut by dykes, sills, and
irregular intrusicns.

Round to ellipsoid pillows, 9.3-1.4 m in diameter, camprise the
bulk of the extrusive sequence. Most pillows have subradial cooling
fractures and spherical vesicles, which occupy 1-5% by volume and are
generally concentrated in the pillow tops. Variably altered glassy
rinds, 1-5 an thick, commonly are present. Large irregular to rounded
pillows up to 3 m in diameter usually have well developed radial
columnar jointing. These "megapillows" often interfinger with or form
at the base of more typical pillow piles and may be feeder tubes
(Rautenschlein, unpublished report, 1983).

Massive flows, generally 2-5 m thick but up to 15 m thick, vary
laterally in thickness and may be traced up to 204 m along strike. Flow
tops are marked by brecciated, glassy zones, 2 to 20 cm thick, which
often contain elongate vugs 1-1¢ an in diameter. Most basal contacts

display narrow chilled margins which grade upward into a zone with
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spherical and/or pipe vesicles (Schmincke et al. 1983). In the Margi

area, flows up to 30 m thick are common in Sequence III. These flows
cammonly have picritic bases which grade upward into aphyric flow
interiors and olivine-phyric flow tops (Bailey 1984). Thin flows, less
than 2 m thick, are interbedded with pillows and massive flows.
Columnar joints grade upward into finer-grained rubbly zones which in
turn grade into a narrow chilled margins that are cammonly brecciated.
This rubbly zone is often poorly developed. Sheet flows, less than @.5
m thick, are also cammon.

Breccias are cammon throughout the entire volcanic pile. 1In
Sequence I, pillow breccias with spherical minipillows and angular,
chilled fragments set in a lapilli size glassy matrix are often
interbedded with sheet flows and pillowed units (Schmincke et al. 1983).
In the overlying sequences, pillow fragment breccias which contain
lenticular fragments with a few chilled margins in a clay-carbonate or
umberiferous matrix, overlie heavily veined and fractured pillows.

Layers of hyaloclastite which are generally <1 m but up to 5 m
thick form discontinuous layers between sheet flows. Most
hyaloclastites are fresh with glass spalls embedded in a matrix of
altered glass and basalt fragments.

Medium—- to coarse-grained sills are generally parallel to the
regional dip and have well developed columnar joints. These 1- to
5-m~thick intrusive units are most abundant in Sequences I and II.
Dykes generally range fram g#.1 to 2 m in width and are vertical to
subvertical with a sinuous strike. They are massive, although scme
display columar jointing. Where present, vesicles and vugs are

elongate parallel to the margins.



CHAPTER III

DEFINITION AND DISTRIBUTION OF ALTERATION ZONES

3.1 INTRODUCTION

Rocks of the extrusive sequence and the upper portion of the
sheeted dyke camnplex have a complex alteration history. Lateral and
vertical variation in both the intensity and style of alteration on the
scale of metres to hundreds of metres makes the task of concise
description difficult. For simplicity, six alteration zones have been
defined and mapped. No genetic interpretation is implied by these
zones. Each zone is merely a mappable unit which has a uniform field
appearance and consistent secondary mineral assemblages.

In the following sections, each alteration zone is defined and
its distribution in the study area is described. The zones are then
campared to alteration and metamorphic zones which have been outlined

for "in situ" oceanic crust and other ophiolites.

3.2 DEFINITION OF ALTERATION ZONES

The distribution of secondary minerals in the study area was
mapped and representative samples of these phases, carefully collected
with respect to their stratigraphic position, were identified using
petrographic and x-ray diffraction techniques (Appendices I & II).
Alteration zones were then defined on the basis of field appearance and
consistent asseamblages of secondary minerals (Figures III-1 to III-4).

Each zone, listed below, was named for its typical secondary mineral

assemblage.
38
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Figure III-1. Distribution of secondary minerals in the Akaki River
section. The small dots represent units daminated by pillows,
horizontal lines represent units dominated by massive and thin

flows. Vertical solid lines indicate that the secondary phase is
found throughout the unit and dashed lines indicate that it is

locally present.
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Figure III-2. Distribution of secondary minerals in the CY-1l and Cy-la
drillcores. Symbols as in Figure III-1l. Vertical lines represent
units dominated by dykes, triangles represent units dominanted by

breccias or hyaloclastites.
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Figure III-3. Distribution of secondary minerals in the Pediaeos River
section. Symbols as in Figure III-1. Others: ch=chabazite,

na=natrolite; go=gossan
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Figure III-4. Distribution of secondary minerals in the Margi area.
Symbols as in Figure III-1. V represents units daminated by
picritic pillows and flows. Others: ph=phillipsite, py=pyrolusite

(present study, Bailey 1984).
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1. Smectite-Palygorskite-Calcite Zone (Sm—Pa-Ca Zone)

2. Smectite Zone (Sm Zone)

3. Smectite-Celadonite-Zeolite Zone (Sm~Ce-Ze Zone)

4. Laumontite-Smectite/Chlorite-Quartz Zone (La-Sm/Ch-Qz Zone)
5. Epidote-Chlorite—Quartz Zone (Ep—Ch-Qz Zone)

6. Sulfide-Chlorite-Quartz Zone (Su-Ch-Qz Zone)

Although minerals in these assemblages are abundant throughout
each zone, they are not necessarily restricted to a particular zone.
For example, palygorskite occurs in the Sm~Pa~Ca Zone as well as the
Sm-Ce-Ze Zone. Within the former zone, however, it is ubiquitous
whereas in the latter zone it only occurs sporadically. Because the
secondary minerals were déposited sequentially, they do not represent
equilibrium assemblages and should therefore not be considered
Hetanorphic zZones.

The field characteristics, alteration mineralogies, and
depositional sequences of the secondary minerals in each of the
alteration zones are described in the following section. The order in
which these zones are presented generally reflects their stratigraphic
position, starting at the top of the sequence. The boundaries between
the zones are usually distinct, but are gradational in same areas. They
also vary laterally and should not be interpreted as being
depth-controlled. The spatial relationships within the field area are

fully discussed in a subsequent section of the chapter.

3.2.1 sm-Pa-Ca Zone
The Smectite-Palygorskite—Calcite Zone (Sm-Pa-Ca Zone) is

characterized in the field by its red “oxidized" appearance, its
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pervasive alteration, and the abundance of interpillow sediment. This
zone is directly overlain by the marls and chalks of the Middle to Upper
Lefkara Formation and is contained within lava Sequence III. Its lower
boundary is generally sharp and lies between 50 -~ 250 m depth. In same
locations, however, the transition fram reddish-green, pervasively
altered pillows into less pervasively altered greyish-green rocks is
gradaticnal over tens of metres. The lateral boundary of this zone with
the Smectite Zone is sharp.

The rocks of this zone are chiefly pillowed lavas and breccias.
Thick glassy margins are pervasively altered to green smectite and
zeolites. Round to irregular glass spalls, elongate parallel to pillow
margins, generally contain spherical phillipsite granules, and perlitic
cracks are filled with phillipsite. These palagonitized spalls are
contained within a green smectite-phillipsite~calcite-palygorskite
matrix which is commonly stained with Fe oxide. Yellowish-brown,
fine—-grained pillow margins, 9.5 - 1.0 cm thick, are highly altered and
crurbly. They grade into greyish-green to greenish-grey pillow
interiors which are variably altered (Plate III-1A).

Pillow fragments and mini-pillows in breccia units have
alteration assemblages similar to the coherent pillows (Plate III-1B).
The matrix consists of hyaloclastite altered to bright green smectite,
phillipsite, and analcime, and late-stage calcite and palygorskite.
Autcbrecciated flow tops are altered to the same assemblage as pillow
margins although the color zonation is not as pronounced.

Alteration of the primary minerals in this zone is summarized in
Table III-1. A box-like framework of goethite, whose interstices are

filled with calcite, totally replaces olivine phenocrysts whereas red to
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Plate III-1 A. Typical field appearance of the Sm~Pa-Ca Zone. Note iron
stained fracture surfaces, yellowish-brown chilled margins, and

greyish—-green interiors. B. Close-up of pillow margins and

interpillow breccia. Matrix is camposed of palygorskite + calcite.
Note the reddish-brown pseudamorphs after olivine in the left of

the photo. Photos taken in the Akaki River section.
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TABLE 111-1 SUMMARY OF PRIMARY MINERAL ALTERATION

Alteration Zone Phenocrysts - Groundmass Glassy Margins
Sm-Pa-Ca oliv — goethite + calc (T) cpx — smec  (S) smec
cpx —r smec  (F-M) plag — snec (S-M) + phil (T)

Sm

Sm-Ce-Ze

La-sm/Ch-Qz

Ep-Ch—Qz

spinel (F)

oliv-—»goethite + tr calc (T)
cpx —» smec (F-M)
Ti-mag— maghemite (F-S)

oliv—» goethite + cale (T)
oliv-» serpentine (S-T)

cpx —> amec (F-§)

plag — smec, calc, celad (F-M)
spinel (F)

Ti-mag

cpx —» snec, gmec/chl (S-M)
plag—albite (T)
oxides

cpx —»chl {S-M)
plag--» albite (T)
plag-» calc, epi, cht (M-T)

plag — K-spar (T}

Ti-mag—» maghemite (S-M)

mesostasis —» smec,
calc{M-T)

cpx —s smec {F-M) smec (S-T)
plag-—ssmec (S-M)

Ti~mag — maghemite (F-S)

mesostasis — smec (T}

cpx — smec  (S-M) pillows: smec + phil
plag—s smec, calc, + anal (5-T)
celad (S-M) flows: smec + celad
Ti-mag— maghemite (S-M) + heul (5-T)
mesostasis -» gnec, hyal: smec + phil
celad, calc (M-T) * heul (s-T)
plag —-smec (M) smec +
plag — albite, K-spar (T} smectite/chlorite
cpx — smec, smec/chl (S-M)  # laum (S-T)
Ti-mag

mesostasis-—» smec, smec/chl
qtz, pyrite

cpx —chl (S-M) chl + gtz + epi (S-T)
plag—» albite (T)
plag —sepi + chl (M-T)
Ti-mag — asphene (5-M)
mesostasis —chl, gtz,
epl, pyrite

* occurs in picritic units in the Margi area; F fresh, S slightly altered, M moderately altered, T
totally altered; oliv=olivine, cpx=clinopyroxene, plag=plagioclase, Ti-mag=titanamagnetite,
smec=smectite, calc=calcite, anal=analcime, phil=phillipsite, celad=sceladonite, laum=laumontite,
chl=chlorite, amec/chl=mixed layer smectite/chlorite, epi=epidote, qtzaquartz

16
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opaque spinel inclusions remain fresh. Clinopyroxene is partly altered
along grain boundaries and fractures to smectite. Red staining adjacent
to titanomagnetite indicates that the opaque minerals have expelled iron
and are cation deficient (Hall et al. in press).

Original groundmass textures are preserved but may be obscured by
the reddish-brown, fibrous to amorphous smectite which replaces the
mesostasis. Plagioclase microlites cammonly have a cloudy appearance
and are partially replaced by smectite.

Reddish-brown segregation vesicles give the rocks their spotty
appearance. The mesostasis within the segregation vesicles is
extensively altered to reddish-brown smectite whereas variolitic
plagioclase is only partially altered. Spherical voids within the
segregation vesicles are cammonly filled with calcite although many
remain opén.

Radial fractures within pillows are generally lined with pale
green smectite and filled with smectite, calcite, and palygorskite, in
varying proportions. Fracture surfaces and fillings are commonly
stained with Fe oxide. Analcime and rare adularia locally fill
fractures, which were re—-opened and filled with calcite.

Two stéges of crack and fracture filling have been recognised in
the rocks of this zone. During the first stage, several generations of
secondary minerals were deposited. Cross—cutting relations of veins and
depositiocnal sequences within filled voids, observed on a hand specimen
scale, allow the following generalizations to be made:

1. Smectite, mixed with Fe~rich phases, was the first phase to form -
it lines vesicles, vugs, cracks, and fractures.

2. Where present, zeolites and adularia commonly line voids and project
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inward towards open cavities. In many cases these minerals fill the
remaining space and are mixed with calcite.

3. Several generations of calcite deposition occurred, with later veins
cross~cutting or re-~cpening earlier cnes (Figure III-5). Successive
layers of euhedral crystals, mantled by a light dusting of smectite,
indicate several stages of growth.

Qamposite veins of buff to white palygorskite and calcite,
camonly containing thin zeolite-rich zones, were deposited during the
latest stage of crack and fracture filling (Figure ITI-6). In outcrop,
they form vertical to near~vertical veins which cross—-cut and bend
around individual pillows and fill interstices. On a hand specimen

scale, these late veins cut across and re-open the earlier veins (Table

I1I-2).

3.2.2 Smectite Zone

The Smectite Zone (Sm Zone) is restricted to the extrusive
sequence immediately below the umbers of the Perapedhi Formation.
Pillows in this zone typically have crumbly grey interiors and fresh
glassy margins. It is only within this zone that fresh glass is
preserved so close to the sediment/lava boundary. Although the
pervasiveness of alteration is similar to that in the Ssm~Pa-Ca Zone,
rocks of the Sm Zone are not pervasively oxidized. The thickness cf the
Sm Zone varies fram a few metres to tens of metres.

Preservation of glassy pillow rinds is cammon throughout the Sm
Zone although cracks and surfaces are partially altered to smectite
(Plates I1I-2 & III-3). Hyaloclastite matrices in brecciated zones

underlying the umbers are totally altered to smectite with minor
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Figure III-5. A. Calcite stringers with inclusions of basalt fragments
crosscut chilled pillow margin (Sample Cy-1:58.50 m). B. Two
generations of calcite veining crosscut a pillow margin (Sample

CY-1:180.85 m). Abbreviations as in Table III-1l.
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Figure III-6. A. A late-stage, 1.0 - 1.5 am thick palygorskite +

calcite vein cross—cuts a heterolithic breccia. Glass spalls and

basalt fragments are in a calcite + smectite matrix (Sample
CY~1:25.95 m). B. A camposite vein with a palygorskite + calcite

rim and a pink zeolite + calcite centre crosscuts an earlier

analcime + calcite vein system (Sample CY-1:104.70 m).

Abbreviations as in Table III-1.
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TABLE ITI-2 SUMMARY OF VEIN DEPOSITION IN THE Sm-Pa-Ca ZONE OF CY-1

DEPTH  LITHOLOGY VEIN SETS™
(m) Early Late
25.95 heterolithic breccia smec — simec + calc —»calc paly + calc
76.10 spars. ol phyric 1. smec-—calc + minor phil
lower pillow margin 2. smec — phil + minor calc
3. smec—>»calc + phil + smec
192.9 centre spars ol-cpx yellow calc —smilky calc 1. anal + calc + tr phil
phyric flow 2. anal + calc + chab
104.7 centre spars ol-cpx calc paly + calc + minor anal
phyric flow anal + chab + calc + phil
112.0 spars ol~-cpx phyric smec-»>calc
flow top 1-2 mm thick smec rich halo
141.52 upper aphyric 1. clear to milky calcite
pillow margin 2. green smec—>calc + smec
3. Fe oxide + smec
180.85 spars ol phyric clear calc —pink calc yellowish brown calc

lower pillow margin

order of deposition is listed fraam rim to centre; numbers indicate oldest to youngest
veins; phil=phillipsite, anal=analcime, calc=calcite, chab=chabazite, paly=palygorskite,
smec=smectite.

89
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Plate III-2 ILava-Perapedhi Formation boundary along the easternmost

tributary of the Pediaeos River. The umbers accumulated in small

hollows. Note the preservation of fresh glassy rinds on grey,

highiy altered pillows.
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Plate III-3. Example of the typical lithologies and alteration beneath
fault~-bounded umber deposits. Exposed section is located midway
between the villages of Kambia and Analiondas. Grey pillows on the

left hand side of the plate are underlain by, and in fault contact

with, breccia.
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heulandite and/or phillipsite. Vesicles in both breccia fragments and
coherent pillows are partially filled with fibrous green smectite.
Calcite-filled vesicles are locally present.

Yellowish-brown to dark brown umberiferous sediment, white to
buff palygorskite, and calcite~rich sediment locally fill interpillow
voids, form discrete horizons within the lava pile, or cross—cut the
pillow pile in vertical to near vertical veins. These veins generally
terminate within the lower half of the umber layer.

Alteration of olivine differs in this zone fram that in the
Sm-Pa-Ca Zone, as the interstices of the goethite framework are open.
The groundmass adjacent to titancmagnetite lacks Fe-staining which
suggests that the opaque mineral is only slightly altered to maghemite
(B. Fisher, pers. camm., 1986). Groundmass textures are preserved and

smectite totally replaces the mesostasis.

3.2.3 gmectite-Celadonite-Zeolite Zone

The Smectite~Celadonite-Zeolite Zone (Sm-Ce~Ze Zone) daminates
the extrusive sequence and the upper portion of the Basal Group.
Greyish—green to greenish-brown lavas are less pervasively altered than
in the sm—Pa-Ca and Sm Zones. This zone is characterized by significant
variations in the intensity of alteration between, and within,
individual lithologic units, distinctive assemblages of secondary
minerals for each of the main cooling-unit types, and random
preservation of fresh glass.

Greyish-green to greyish-brown pillows and pillow breccias
generally lack the pronounced color zonation within pillow margins and

along fractures seen in the Sm~Pa-Ca Zone. Chilled margins are pale
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green where the pillows are highly altered, whereas the margins of
relatively fresh pillows are dark green to black. Glassy margins are
altered to smectite + phillipsite + analcime. Where both zeolites are
present, phillipsite is the earliest phase to form (Plate III-4A).
Interpillow sediment, variably altered hyaloclastite, or breccia fill
the pillow interstices.

Smectite-lined vesicles are partly to totally filled with
calcite, smectite, and/or mixtures of one or more zeolites. Where more
than one of these phases is present, zeolites extend inwards fram the
vesicle walls and calcite or smectite fills the interior. Within a
single pillow, individual vesicles may be filled with calcite and
zeolites whereas cthers remain open.

Radial fractures are lined with smectite and are locally filled
with smectite, calcite, and assemblages of analcime, phillipsite,
chabazite, gmelinite, and natrolite, in varying proportions (Plate
III-4B). Where piilows are adjacent to sills, dykes or massive flows,
celadonite and, rarely, heulandite may line fracture surfaces.

Hyaloclastites are variably altered to smectite and heulandite
with minor celadonite and rare phillipsite. Where associated with
heulandite, phillipsite is the earliest zeolite to form. Narrow zeolite
and sepiolite stringers form irregular networks within hyaloclastite
units.

The degree of alteration within the massive and sheet flows is
quite variable. Most flows are relatively fresh with minor surficial
celadonite and/or hematite staining (Plate III-5A). Zones of intense
alteration locally occur along flow margins and to a lesser extent along

joint surfaces. These zones consist of celadonite mixed with
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Plate III-4. Typical mineral assemblages in pillowed lavas of the
Sm~Ce-Ze Zone. A. Pillow margins and interpillow breccias are
altered to phillipsite (P), analcime (A), and smectite. B. Radial
fractures are lined with clay and filled with analcime. Photos

taken in the Akaki River section.



66




67

Plate IIT-5. Typical mineral assemblages in massive and thin flows of
the Sm-Ce~Ze Zone. A. Celadonite stained massive flow. Note that
the margins are more highly altered than the interiors. Photo

taken in the Pediaeos River section. B. Celadonitized flow margin

contains celadonite with lesser smectite, heulandite, mordenite,

and calcite (sample CY-1a:49.80 m).
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heulandite, mordenite and calcite (Plate III-SB) and may contain massive
jasper ncodules.

Brecciated flow tops are variably altered to smectite,
celadonite, heulandite, mordenite, and chalcedony (Plate III-6). Where
heulandite and mordenite occur together, heulandite clusters radiate
outward fram a clay-lined surface and are overlain by mordenite.
Jasper-rich flow tops are comon in Sequence I lavas, especially in the
eastern part of the study area. Mordenite, quartz, opal, and goethite
are the typical mineral assemblage in these am~ to tens of an-thick
zones.

ovoid, clay-lined vugs are open or partially filled with the
celadonite~zeolite assemblage described above, chalcedonic silica, or
calcite rhambs. Smectite, celadonite, single zeolite phases, or calcite
totally or partially fill clay-lined spherical and pipe vesicles.

Joint surfaces of flows, lined with mixtures of celadonite and
smectite, are thinly coated with platy-brown sepiolite, calcite rhambs,
or rarely bluish-white opal or pyrite. Hematite locally stains fracture
surfaces and penetrates inward along flow margins which haven't been
"celadonitized". The irregularity of the stain in Figure III-7 suggests
that the staining is not strictly fracture- or surface-controlled.
Concentric clay and Fe-oxide rich rings are generally parallel to the
outer 3 - 14 cm of columar joints. These rings are 2 - 3 mm wide and
are spaced 5 ~ 20 mm apart. Alteration of the groundmass is more
pervasive within these rings.

Discontinuous stringers of smectite and celadonite, with or
without zeolite or calcite, form within individual flow units. In same

cases these stringers appear to replace aphanitic or glassy patches
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Plate III-6. Brecciated flow top is altered to celadonite, smectite,
heulandite, and mordenite. Note that the glassy rind is only

partially altered. (Sample CY-la:31.30 m).
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Figure IITI-7. A dark red, 1 - 2 mm thick line marks the inner edge of a

hematite-stained lower flow boundary (Sample CY-1:387.42 m).
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within the crystalline unit whereas in others they fill cracks.
Stringers generally lack cbvious halos in the adjacent groundmass.
Where flow tops are replaced by jasper, jasper stringers penetrate into
the flow interior.

The alteration of the primary minerals in both pillows and flows
is similar to that in the Sm-Pa-Ca and Sm Zones with two notable
exceptions (Table III-1). Olivine phenocrysts in picritic pillows and
flows are slightly to totally altered to serpentine whereas in the other
lithologies, olivine is altered to goethite and calcite.
Titanamagnetite is less altered than in the Sm—Pa-Ca Zone (Hall et al.
in press).

Primary igneous textures are preserved and pale brown to
yvellowish—green smectite replaces the mesostasis. Celadonite and quartz
are also part of the groundmass alteration assemblage in flow units.
Alteration within segregation vesicles and veins is similar to that in
the sm~Pa-Ca Zone. Miarcolitic voids, most cammon in thick flow units,
are variably filled with clay minerals.

The diversity and discontinuous nature of early vein systems in
each of the cooling-unit types reflects the heterogeneous style of
alteration characteristic of this zone. The following generalizationé
may be made:

1. In all cooling units, smectite is the first phase to form, lining
cracks, fractures, vesicles, and vugs (Figure III-8).

2. Assemblages of analcime, phillipsite, gmelinite, natrolite, and
chabazite fill fractures and cracks in pillowed units. Where analcime
and phillipsite occur together, phillipsite is the first phase to form.

3. Assemblages of celadonite, mordenite, heulandite, and silica replace



Figure III-8. Analcime + calcite fill re—opened smectite-filled
fracture (Sample CY-1:256.29 m).

75



76

smec

--*| anal+ calc

-
L

»
-




77

glassy zones and fill fractures and cracks in massive and sheet flows.
Where heulandite and mordenite occur together, heulandite is generally
the first phase to form (Figure III-9).

4, Calcite is associated with zeolites in both cooling-unit types and
cammonly is the latest phase to form. Successive layers of euhedral
crystals mantled by a light dusting of clay indicate several stages of
growth.

The latest stage of crack and fracture filling occurs in both
pillows and flows and is restricted to the upper few hundred metres of
the sm-Ce-Ze Zone. Vertical to near vertical veins of palygorskite and
calcite cross~cut and bend around pillow margins and trend parallel to
joint surfaces in flows (Plate III-7). Veins and stringers of gypsum,
up to 5 cm wide, are found in the Sm~Ce~Ze Zone of the CY-1 drillcore.
They generally re-cpen pre-existing veins and fill clay-lined fractures
(Figure III-19).

At different stratigraphic levels within this zone, two types of
resistant vertical vein systems which range in width from < 4.5 to 2 m
cut across the pillow pile. The first vein system consists of
hematite-stained basalt fragments in a vuggy calcite matrix and the
second contains several <1- to 3-amn~thick calcite veins which both
parallel and cross-cut cne another. Oxidation halos extend fram both

vein systems into the adjacent lava pile for 1 ~ 1.5 m.

3.2.4 Laumontite-Smectite/Chlorite—-Quartz Zone
The Laumontite-Smectite/Chlorite-Quartz Zone (La-Sm/Ch~Qz Zone)
is the most difficult zone to define because its characteristic

secondary minerals are common in both the overlying Sm-Ce-~Ze or
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Figure III-9. A. Schematic cross-secticn of the core in Plate III-5.
The "celadonitized" zone is rimmed by narrow celadonite + smectite
rich zones (Sample CY-la:45.80 m). B. Altered basalt fragments are
sequentially rimmed with celadonite followed by heulandite +
mordenite. A celadonite and smectite mixture with minor heulandite

and mordenite comprises the matrix (Sample CY-la:31.30 m).
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Plate III-7. Late-stage vertical to near-vertical, white to buff
palygorskite + calcite veins bend around and cross—cut the pillow

pile. Photo taken in the Akaki River section.
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Figure III-19. A smectite-lined calcite vein within a thick flow is

re-cpened and filled with gypsum (Sample CY~1:270.6¢0 m).
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TABLE III-3 SUMMARY OF VEIN DEPOSITION IN THE Sm—-Ce-Ze ZONE

SAMPLE # LITHOLOGY DEPOSITIONAL SEQUENCE*

Cy-1 2703.6 grey spars phyric smectite — calcite —>gypsum
thick flow

Cy-1 253.15 aphryic pillow 1. smec + fe oxide — smec
rim 2. smec— calc —anal

CYy=-1 256.2 aphyric pillow smectite — calcite
centre

CY=la 41.45 smec — celad — zeo

CY-la 145.3@0 aphyric flow
Cy-la 155.85 thick flow

Kﬁ§g223 %]ixick picritic

g1 ow

KG82468 aphyric pillow margin
Akaki

smec — phil —s anal — smec
smec — calc + ? halo

calc-» calc + chrysotile-—scalc

celad— +/- heul — mord

* order of deposition is listed fram rim to centre; number indicates
order of deposition fram oldest to youngest; abbreviations as in Table
III-1; celad=celadonite, mord=mordenite; gtz=quartz
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underlying Ep-Ch-Qz Zones. The upper boundary of the La-Sm/Ch—Qz Zone
is marked by the first appearance of laumontite whereas the lower
boundary is defined by the daminance of chlorite-quartz-pyrite in the
groundmass and the first appearance of epidote. This lower boundary in
the CY-la drillcore is also marked by the disappearance of laumontite.
late~stage veins of laumontite, however, are locally abundant in the
Ep-Ch-Qz Zone in other areas.

The thickness and depth at which the La-Sm/Ch-Qz Zone occurs are
variable. It may be campletely contained within Sequence I lévas or the
sheeted dyke camplex, although it is generally located at the lava-dyke
transition. The best documentation of this zone is found in the CY-la
drillcore. The following observations are primarily fram this section.

The rocks in this zone are uniformly altered and fresh glassy
rinds are rare. Light to dark green pillow and flow margins and glassy
brecciated zones are variably altered to smectite or mixtures of
smectite-chlorite and laumontite (Plate ITI-8A). Heulandite, mordenite,
and celadonite with smectite locally replace glassy zones in the upper
tens of metres.

ovoid, clay-lined vugs are either open or partially to totally
filled with assemblges of quartz, laumontite, calcite, pyrite, and clay
minerals (Plate III-8B). Prismatic quartz radiates inward fram the vug
walls whereas laumontite fills the interstices. Where present, calcite
is the latest phase to form and locally appears to replace the
laumontite. Vesicles are sporadically filled with mixtures of
gmelinite, chabazite, and calcite.

Smectite, smectite-chlorite mixtures, or, rarely, chlorite line

fractures and cracks which are locally filled with assemblages of



86

Plate III-8. Typical mineral assemblages in the La-Sm/Ch-Qz Zone. A.

Glassy matrix in breccia zone is altered to smectite + laumontite;

vesicles in basalt fragments are filled with laumontite (Sample
CY-la:217.73 m). B. Lauwontite-filled vugs in pillow screens

within the Basal Group. Photo taken 1 km south of Kilrou along the

Nicosia-Apliki highway.
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pyrite, calcite, laumontite, analcime, and quartz (Table III-4). Light

grey, 1 - 3 mm thick, halos cammonly rim narrow pyrite + quartz +
chlorite stringers (Plate III-9). The groundmass within these halos is
rich in quartz and very fine-grained pyrite. Analcime is restricted to
the upper half of the zone.

Primary igneous textures are well preserved. Plagioclase and
clinopyroxene phenocrysts are partially altered to the groundmass clay
minerals (Table III-1). The mesostasis is uniformily altered to
orange-brown smectite or light green mixed-layer smectite~chlorite with
minor quartz and pyrite. Plagioclase microlites are altered to albite,

clay minerals, or, rarely, K-feldspar.

3.2.5 Epidote~Chlorite-Quartz Zone

Thé Epidote-~Chlorite~Quartz Zone (Ep-Ch—-Qz Zone) is primarily
" contained within the Basal Group and the Sheeted Dyke Camplex although
it does extend upward into the overlying lavas in same areas. It is
also found in areas immediatelely below the Su-Ch-Qz Zone (massive
sulfide deposits) (Adamides 1984; Constantinou & Govett 1973).

The light grey to light green rocks in this zone are uniformly
altered. The mesostasis is campletely recrystallized to chlorite +
quartz + pyrite + epidote. Where present, pyrite is disseminated
throughout the groundmass whereas epidote is often concentrated in
irregular patches. The distribution of this very fine— to fine-grained
epidote does not appear to be fracture- or crack-—controlled. The rocks
in this zone locally have a distinctive, irregular, mauve to light green
zonation which reflects the relative proportions of quartz (mauve) and

chlorite (green) in the groundmass (Plate III-10).



TABLE III-4 SUMMARY OF VEIN DEPOSITION IN THE La-Sm/Ch-Qz ZONE OF CY-1A

DEPTH (m) LITHOLOGY ' DEPOSITIONAL SEQUENCE

229.00 cpx-plag phyric dyke 1. f.g. anal —»m.g. anal + smec
2. smec—> anal —>calc —>anal
3. smec-> f.g. anal + smec —m.g. anal

233.05 m.g. aphyric flow smec > laum —laum + anal — calc
237.00 f.g. aphyric flow smec - anal— calc + minor anal —» smec

269.85 v.f.qg. aphyric dyke pyrite + minor chl + gtz
2 am thick, 1-2 mm grey halo

293.00 chilled dyke? margin 1. laum + gtz + m.g. pyrite
2. laum + gtz + f.g. pyrite
3. laum + gtz + ?
1-2 mm thick pyrite halo

e

order of deposition is listed fram rim to centre; numbers indicate oldest
to youngest veins; abbreviations as in Table III-1; chl=chlorite,
laur=laumontite, gtz=quartz
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Plate III-9. Light grey, 1 - 3 mm thick, halos rim pyrite + quartz +

chlorite veins (Sample CY-1a:293.00 m).
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Plate III-19. Irregular mauve to light green zonation within a massive
flow. Vugs are rimmed with chlorite and lined with assemblages of

quartz, epidote, and calcite (Sample CY-12:475.80 m).



93

M

R

435.80 m




94
Flow and dyke margins are completely altered to chlorite, quartsz,

and epidote assemblages; no fresh glass is preserved. The initial
brecciated texture is preserved whereas the fragments are campletely
recrystailized. Discontinuous, angular, jasper-rich zones appear to
overprint earlier quartz + chlorite + epidote assemblages.

Epidosites which contain daminantly epidote with minor quartz,
calcite, and jasper are erratically distributed (Plate III-11). These
irregular zones range fram cms to tens of aus in size and appear to fill
voids and to replace the surrounding groundmass.

Ignecus textures are generally preserved although in areas of
most intense alteration, as in the epidosites, they are obliterated.
Textures in segregation vesicles are cbscured as the groundmass is
canpletely altered to very fine-grained epidote, chlorite, and quartz.
Plagioclaée microlites are altered to mixtures of epidote and chlorite
or replaced by albite; clinopyroxene is partly altered to chlorite.
Titanamagnetite is locally replaced by sphene.

Chlorite-lined vesicles and vugs are rimmed with quartz and
filled with assemblages of epidote, pyrite, calcite, chlorite, and
prehnite (Table III-5). Laumontite locally overprints epidote. The age
relationship of this laumontite and the laumontite fram the La-Sm/Ch-Qz
7Zone, however, is not known.

Veins are much less abundant than in the overlying zones.
Fractures and cracks are lined with mixtures of chlorite, albite,
pyrite, and quartz and are locally coated with Fe-stained calcite (Table
III-5). Epidote overprinted by laumontite was locally cbserved in field
exposures. Narrow pyrite and quartz stringers are rimmed by light

green, chlorite-rich halos. The areas between these halos, where quartz



Plate III-11 A. The groundmass surrounding medium to coarse grained
calcite + epidote-filled vug is totally replaced by epidote +
quartz (Sample CY-12:495.80 m). B. Epidotized zone within
intrusive unit is cross—-cut by quartz + pyrite + epidote veins
which are rimmed by jasper (Sample CY-la:570.80 m). C. Coarse
grained epidote + calcite + jasper-filled vug (Sample

CY-la:517.32 m).
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TABLE III-5 SUMMARY OF VEIN AND VUG DEPOSITION IN THE Ep-Ch-Qz ZONE OF CY-la

DEPTH (m) LITHOLOGY DEPOSITIONAL SEQUENCE
339.00 f.g. aphyric vugs: 1. quartz —>epidote + chlorite
massive unit (dyke) 2. quartz—> prenhite
367.25 = v.f.qg. aphyric veins: 1. chlorite-—squartz + chlorite + epidote
brecciated flow top 2. fe oxide overprints #1
446.78 f.g. aphyric veins: 1. chlorite—sepidote—>calcite
dyke 2. quartz—>calcite
571.92 f.g. aphyric veins: 1. chlorite-— quartz +chlorite + epidote
brecciated flow 2. Fe oxide overprints #1 and groundmass
629. f.g. aphyric flow vugs: 1. epidote + quartz —»epidote + pyrite

2. quartz — epidote + pyrite —» calcite

C

order is listed fram rim to centre; numbers indicate oldest to youngest veins;
abbreviations as in Table III-1.
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is more abundant, are mauve; thus, the rocks have an irregular surficial
pattern. Randamnly distributed pyrite veins, 19 - 15 mm wide, are not

rimmed by halos.

3.2.6 Sulfide-Chlorite~Quartz Zone

The massive sulfide deposits and their underlying stockwork zones
canprise the Sulfide~Chlorite—Quartz Zone (Su-Ch-Qz Zone). These
deposits are spatially restricted and occur at all levels within the
extrusive sequence, ranging fram the Basal Group-lava contact
(Kokkinopezoula) to the top of the volcanic pile (Skouriotissa) (Figure
II-4), (Constantinou 1976). Post~hydrothermal dykes cross—cut this zcne
in many locations suggesting that the deposits are synvolcanic
(Conatantinou 1976). Well-bedded ochrecus sediment overlies many of
these zones.

Camprehensive study of this high temperature zone has been, and
currently is, the focus of many investigations and is not within the

scope of this thesis.

3.3 SPATTAL DISTRIBUTION OF THE ALTERATION ZONES

Detailed and reconnaissance mapping in the study area has clearly
shown that there are significant lateral and vertical variations in the
thickness and distribution of the alteration zones (Figure III-11). To
describe these regional variations, the top of the extrusive sequence
has been used as a datum and all cited depths are relative to this.

The Sm Zone underlies the discontinuously distributed umbers of
the Perapedhi Formation. Its lower boundary with the Sm-Ce-Ze Zone is

generally sharp whilst lateral boundaries with either the Sm~Pa-Ca or



depth (m)

w N 8 km —t pn 4 KN ey } 9 km 4 r— 3 KM et 2 kot E

500 —

1000 -

1500 —

PERISTERONA Cv-2a AKAKI CY-1 CY-1a PEDIAEOS ANALIONDAS MARGI
-

Sm-Pa-Ca Zone

Sm Zone

Sm-Ce-Ze Zone
La-SmiCh-Qz Zone
Ep-Ch-Qz Zone
Su-Ch-Qz Zone

BENEERD

Figure III-11. Distribution of the alteration zones within the field

area. The top of the extrusive sequence was used as the datum.

001



101

Sm-Ce—-Ze Zones are generally ambiguous due to the discontinuity of field
exposures. The Sm-Pa—Ca Zone occurs in the intervening areas along the
sediment-lava interface where the lavas are overlain by the Lefkara
Formation. Its lower boundary.is generally gradational over tens of
metres.

The Sm-Ce-Ze Zone is laterally continuous across the study area

although its thickness varies significantly. The Sm—Ce-Ze Zone is 1200
- 1500 m thick in the Akaki River section whereas in the drillcore that
samples the same stratigraphic sequence only tens to hundreds of metres
to the north-west it is only 5580 m thick. West of the Akaki River, the
Sm-Ce-Ze Zone overlying the Agrokipia “B" deposit (Cy-2a) is 15¢ m thick
(Cann et al. in press; Herzig & Friedrich, in press; Sunkel et al. in
press; Adamides 1984; Douma & Robinson 1984; Constantinou & Govette
1973). Farther to the west, in the Peristercna area, the actual
thickness of this zone is not known but the presence of epidote~-filled
vesicles within the extrusive sequence indicates that its lower boundary
is above the lava-dyke transition (Adamides, pers. comm., 1983). The
area between the Akakli and Peristerona River sections, exclusive of the
CY-2a drillcore, has not been mapped. Previcus work indicates that
below the Sm-Pa-~Ca and Sm Zones, the Sm—Ce-Ze Zone is present everywhere
except in the rocks which immediately underlie the Su~-Ch-Qz Zones of the
Kokkinopezula and Kokkinoyia ore deposits, situated west of Mitsero
(Figure II-4). The basal lava sequence which surrounds the
Kokkinopezula mine belongs to the Sm—Ce-Ze Zone (Adamides 1984). The
Su-Ch—-Qz Zone of the Kokkinoyia mine, contained within Sequence III
lavas, is laterally bounded by the Sm-Ce-Ze Zone and overlain by the

Sm-Pa-Ca Zone (Constantinou & Govett 1973).
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East of the Akaki River section, the upper boundary of the

Sm~Ce~Ze Zone has been well established whereas its lower boundary is
generally at the lava-dyke transition. OQutside of the Margi area and
Pediaeos River section, reconnaissance mapping and other studies have
shown that the extrusive sequence is dominated by the Sm-Ce-Ze Zone
(Lewczuk, unpublished report, 1986; Mehegan, unpublished data, 1985).
Iocalized zones of mineralization, generally associated with faults, are
present throughout this area.

The La-Sm/Ch~Qz Zone is best documented in the Cy-la drillcore
where it is 125 m thick. BRased on both the CY-1 and CY-la drillcores,
the upper boundary of this zone is at 650 m depth whereas in the Akaki
River section, its upper boundary occurs at approximately 1400 -~ 1680 m
depth. The distribution and thickness of the La-Sm/Ch-Qz Zone outside
the Malounda area has not been mapped in detail.

The Ep-Ch-Qz Zone characteristically is contained within the
Basal Group although it does extend upward into the extrusive sequence,
as seen in the Cy-la drillcore and in the Peristerona area. This zone
also underlies the Su-Ch~Qz Zones which are generally contained within
the extrusive sequence. In these occurrences, the La-Sm/Ch-Qz Zone is
absent. Although the Ep~Ch-Qz Zone is laterally continuous throughout
the study area, its upper boundary varies from 390 m depth beneath the
Agrokipia "B" deposit to > 1800 m depth in the Akaki River section. The

lower boundary has not been mapped in the study area.

3.4 ALTERATION ZONES IN "IN SITU" OCEANIC CRUST

Alteration zones have been defined on many scales for "in situ"



103
oceanic crust drilled by the DSDP. Poor recovery, shallow penetration,

and variable styles of alteration in the recovered samples have led many
investigators to define their alteration zones on the basis of
variations in color and mineralogy on a hand specimen scale (e.g. Bohlke
et al. 1981; Cann 1979; Bass 1976). Two areas drilled during successive
legs, however, provide an excellent opportunity for direct comparison on
a larger scale with the alteration zones defined for the Troodes

ophiolite.

3.4.1 DSDP Sites 417 and 418

During legs 51-53, two sites were drilled in 119 Ma crust south of
the Bermuda Rise. The lithologies and intensity of alteration of the
rocks recovered at each of these Sites are significantly different.

The pervasively altered pillows, breccias, and hyaloclastites of
Hole 417A display strong color zonation, fram yellowish-brown to light
grey (Alt & Honnorez 1984). The abundance of Fe-rich phases often gives

the rocks an "oxidiz appearance. Smectite, zeolites, calcite,
mixtures of celadonite-smectite, and orthoclase are cammon throughout
the core, although the zeolites are more concentrated in the lower half.
Plagioclase phenocrysts are partially altered to either K-feldspar or
smectite and titanomagnetite is totally altered to maghemite (Donnelly
et al. 1979a). 1In contrast, the light grey pillows, massive flows, and
minor breccias of Hole 417D, drilled only 450 m away, are much less
pervasively altered. Fresh glass is locally preserved and plagioclase
remains unaltered. The same secondary minerals occur in the Hole 417D

samples but are signifiantly less abundant. The rocks also lack the

"oxidized" appearance of those from Hole '417A.
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The alteration of the pillows and massive flows of Hole 4183,

drilled 7.5 km south of Site 417, is very similar in intensity and
mineralogy to Hole 417D (Donnelly et al. 197%; Humphris et al. 1979;
Robinson 1977).

Holes 417D and 418A are overlain by Albian to Cencmanian sediments
whereas the lavas of Hole 417A are not. Lack of evidence for an
erosional period led the shipboard crew to conclude that the lavas of
Hole 417A formed a topographic high that was exposed at the seafloor for
a 19-2¢ million year period (Shipboard Scientific Crew, Legs 51, 52 &
53, 1979a). It has been suggested that the origin of this topographic
high was either constructional (Donnelly et al. 1979a) or tectonic
(Bleil et al. 1977).

The alteration patterns described for these cores are analogous to
the characteristics of the alteration zones contained within the upper
508 m of Troodos cphiolite, particularily the Sm-Pa-Ca and Sm-Ce-Ze
Zones. Hole 417A and the upper few metres of Hole 417D are very similar
to the SmPa~-Ca Zone with one notable exception. These DSDP cores lack
the pervasive, late-stage palygorskite-calcite veining which is
ubiquitous in the Sm—Pa-Ca Zone and camon in the Sm—Ce-Ze and Sm Zones.
The remainder of Hole 417D and Hole 418A is analogous to the Sm=Ce-~Ze
Zone. Although the alteration assemblages common to distinct
cooling-unit types have not been noted and palygorskite veining is also
absent, the appearance of the rocks, the secondary mineral assemblage,
and the erratic variations in the intensity of alteration are very
similar.

Thus, it is evident that the Sm-Pa-Ca and Sm-Ce-Ze Zones mapped

within the upper 539 m of the ophiolite are analogous to the alteration
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zones described for the same depth interval in "in situ" oceanic crust.

More importantly, the areal distribution and lateral variation in the
thickness of these zones described in Section 3.3, suggests that the

large difference in the "pervasiveness" of alteration described for
Holes 417A and 417D, drilled only 450 m apart, may be a comon feature

of "in situ" crust.

3.4.2 DSDP Hole 5@4B

Hole 504B is the deepest basement hole drilled during the DSDP,
penetrating 1875.5 m of oceanic basement. It was drilled 20@ km south
of the Costa Rica Rift in 5.9 Ma-crust during DSDP Legs 69, 79, and 83.
The hole penetrated an upper 572-m~thick zone of pillows, massive flows,
and breccias, a 2¢09-m-thick transition zone with pillows, dykes, and
massive units, and a lower 295-m-thick zone of dykes and massive lavas
interpretéd as a sheeted dyke complex (Shipborad Scientific Crew, Leg
83, 1985; Adamson 1985; Shipboard Scientific Crew, Legs 692 & 70, 1983).
The aphyric to moderately plagioclase-olivine-clinopyroxene-phyric lavas
are relatively hamogeneous and generally primitive in camposition
(Kempton et al. 1985; Emmermman 1985).

Four alteration zones have been distinguished based on the
distribution of secondary minerals and the appearance of the rocks in
hand sample (Alt et al. 1985; Honnorez et al. 1983). The Upper
Alteration Zone (@ - 320 m) is characterized by the presence of
reddish~brown halos around cracks and veins whereas the rock away from
these halos is light grey. The abundance of Fe-rich phases locally give
the rocks an "oxidized" appearance. Olivine is partly to totally

altered to clay minerals, plagioclase is locally altered and
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Zeolites, calcite, and saponite cammonly fill voids. A Zeolite Zone
overprints the Upper Alteration Zone between 254 and 289 m. Thick
zeolite veins with saponite, celadonite, and calcite- and
zeolite-cemented breccias are rimmed by light grey halcs.

The light grey rocks in the Lower Alteration Zone (324-624 m) are
more uniform in appearance than the overlying zones. Plagioclase is
cammonly slightly replaced by saponite or rarely albite and calcite;
clinopyroxene remains fresh. Void-filling zeolites and calcite are not
abundant in this zone. Secondary pyrite is comnon and beccames more
abundant towards the base. Glassy rinds are partially altered above
518 m, whereas below this depth they are totally altered.

Zeolite and greenschist facies mineral assemblages characterize the
Lithologic Transition Zone and the Sheeted Dyke Section (624 - 1075.5 m)
(Alt et ai. 1985). A mineralized stockwork zone, containing pyrite,
chalcopyrite, and sphalerite with minor galena, occurs in the upper 3¢ m
of the Lithologic Transition Zone (Honnorez et al. 1985). The lavas in
a 70-m—-thick interval immediately below the stockwork zone are locally
silicified. 1In the remainder of the core, the intensity of alteration
is variable. Light green to grey alteration halos are common and
primary minerals are more extensively altered than in the overlying
zones. Four stages of crack and fracture filling have been identified
(listed fram oldest to youngest): chlorite and mixed-layer clay
minerals; quartz, epidote, and sulfides; anhydrite; and zeolites,
calcite, and prehnite.

The characteristics of the alteration zones defined for Hole 35@4B

as well as their thickness and depth distribution are directly
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canparable to the alteration zones mapped in the upper 1588 m of the

Troodos ophiolite. The Upper Alteration Zone of Hole 504B and the
Sm-Pa~-Ca Zone are similar in mineralogy, appearance, and thickness. As

in Holes 417A and 417D, the "in situ" zone lacks the pervasive

palygorskite—-calcite veining characteristic of the SmPa-Ca Zone. The
lower tens of metres of the Upper Alteration Zone and the upper half of
the Lower Alte;ation Zone are analogous to the Sm-Ce-Ze Zone. Notable
differences are the lack of mineral asscciations with respect to
cooling=-unit type and the decrease in the abundance of zeolites with
increasing depth at Hole 5@4B. The extrusive sequence in the‘ Trocdos
ophiolite lacks a distinct later period of pervasive zeolite deposition
characteristic of the Zeolite Zone of Hole 504B and the rocks in the
Ep~Ch-Qz Zone are only locally overprinted by laumontite. The presence
of mixed-layer clays and an increase in the abundance of quartz in the
lower 150 m of the Lower Alteration Zone in 5@4B suggests that this
depth interval may be equivalent to the La-Sm/Ch-Qz Zone. Laumontite,
however, is not resticted to this zone and is locally abundant in the
rocks equivalent to the Ep~Ch-Qz Zone.

The mineralogical and textural features of the stockwork-like zone
in Hole 504B are coamparable to the Su-Ch-Qz Zone. A zcne with
greenschist facies mineral assemblages is present below both the
stockwork zone of Hole 504B and the Su-Ch-Qz Zones. The secondary
mineral assemblages, the variation in the intensity of alteration, and
the sequence of secondary mineral deposition are remarkably similar.
However, rocks fran the Ep~Ch-Qz Zones studied in the Troodos ophiolite
lack amphibole whereas rocks fram the equivalent zone in Hole 5@4B

contain amphibole.



108
The depth distribution of alteration zones between Hole 504B and

the upper 150¢ m of the Troodos ophiolite are analogous. The thickness
of the equivalent Sm-Ce-Ze Zone in Hole 504B is thinner than its average
thickness in the Troodos ophiolite but is similar to those zones
overlying the mineralized Su-Ch-~Qz Zones. This implies that the
alteration zones defined for the Troodos ophiolite are representative of
the alteration zones in "in situ" crust. Therefore, the areal
distribution of these zones in Troodos provides valuable insights into

the spatial relationships of alteration zones in the oceanic crust.

3.5 ALTERATICN ZONES WITHIN OPHIOLITES

In most ophiolites, the original ocean floor alteration pattern
has been overprinted by a later, cammonly higher grade, metamorphism
which occgrred during their transportation and subsequent emplacement.
Therefore, very few are appropriate for study of low temperature
alteration processes.

Investigators of the ophiolites with preserved "in situ"
alteration patterns have distinguished regional metamorphic zones or
facies. Although the characteristic secondary minerals are implied to
be equilibrium asemblages, disequilibrium textures and late-stage
void-filling phases are cammon, primary textures are typically
preserved, and recrystallization is generally incamplete. Two
ophiolites which have not been overprinted by a later regional
metamorphism are the Sarmiento and Del Puerto camplexes. The
stratigraphy of both has been subdivided into regional, equilibrium
metamorphic facies and zones (Figure III-12) (Evarts & Schiffman 1983;

Stern & Elthon 1979; Elthon & Stern 1978).
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The Sarmiento Ophiolite Camplex is part of a series of

discontinuous exposures of Mesozoic mafic camplexes in the southern
Andes. The igneous succession has been subdivided into four regional
metamorphic facies: zeolite, greenschist, lower amphibolite, and upper
amphibolite (Stern & Elthon 1979; Elthon & Stern 1978). These facies
are laterally continuous and their boundaries trend subparallel to the
stratigraphy. The mineral assemblages, host lithologies, and
stratigraphic position of the zeolite facies are most analogous to the
Sm—Ce-Ze and La-Sm/Ch-Qz Zones of the Troodos ophiolite. However,
greenschist facies minerals have also been reccgnised within the zeolite
facies rocks. The greenschist facies is similarily analogous to the
Ep-Ch-Qz Zone of Troodos (Figure III-12). Although variation in the
thickness of these facies is implied, it is not possible to make a
camparison of the scale of the lateral variation with the Troodos
ophiolite.

The Del Puerto QOphiolite is part of the Jurassic Coast Range Belt

in California. Four regional metamorphic zones have been defined by the
first appearance of an index mineral: zeclite, pumpellyite, epidote, and
amphibole (Evarts & Schiffman 1983). These zones are laterally
continucus and trend subparallel to the igneous stratigraphy. The

epidote zone, which is the only metamorphic zone that resembles the

alteration zones of the Troodos ophiolite, has similar mineralogy, host
lithologies, and stratigraphic position to the Ep~Ch—Qz Zone. The
zeolite and pumpellyite zones contained within the overlying
volcaniclastic sediments and extrusive sequence have distinctly
different characteristics from the alteration zones that occur at an

equivalent stratigraphic level in the Troodos ophiolite. It is
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therefore impossible to compare the spatial distribution of the

metamorphic zones and <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>