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ABSTRACT o ‘

[
Submarine upwelling of magma at a constructive tectonlc plate margin took

place at Troodos 85 Ma B.P. forming oceanic lithosphere which proceeded to cool
. -
both by conductive heat transfer as well as by convective mass transfer of

seawater. The convectlon of seawater through the newly formed crust initiated

complex and highly variable hydrothermal alteration which In places culminated

In the c;mpiete recrystallization of parts of the oceanlc crust. The clrculation of

. +-  seawater through the uppermost layers of the newly formed crust caused major

changes in the chemistry of the oceanle lithosphere and ultimately led’lo the
-

formatlon of the base and preclous metal deposits of Cyprus, originally In excess

of forty million tonnes of ore.
,

Drawling on samples-collected from sites far removed from mineralized_areas,

K

.

the current study. utillzing petrological and geochemlcal methods, "reports
extensive hydfothermal alteration attributable to sub-oceanlc processes
throughout the ophlolite sequence. It also indlcates that the overall spliitic
composltlon&or the ophlolk\e Is the result of'prolonzed seawat;r-basalt Interaction
at contlnﬁous variable \Q&ter/rock ratios at low pressures and low to high
temperature}s. up\ to - '800°C. Metamorphic mineral assemblages and
mlcrothermometric data from r:luld Incluslons point tox tl}ﬁ local evolution of
seawater into a hot hypersaline brine which appears to have been an ldeal agent
for the leaching of a host of m&jo'r elements, transltlon‘ metals, and trace elements

from oceanlc lithosphere. o !

Observations on fracture distribution and alteration indicates that flulds
infltrated to great depth, appdenely beyond the oceanlc moho. Oxygen and
strontium Isotope analyes positively ldentify the alteration flulds as being

seawater derived, with the oxygen lsotope patt&n Indicating that the fluld/rock
. . ‘\
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Interaction \was complex and depth reiated. The metamorphlec mineral
assemblages present reflect an evolving cycle f}"om‘mgh to low temperatures, and

waier/rock ratlos lnvolv!ng’ flulds of continuously evolving composition.

Current models of oceanic Ifthasphere cooling” that involve the dissipation of
heat by mass transfer in the sub - seafloor environment adgquately explain the
nature and pattern of observed postmagmatle salteration with Lﬁe additional
observations that locally.the process of seawater Inflitration appears to extend to
depths In the oceanle crust beyond the moho and that it also appears to be

responsible for the development of at least two chemlically distinct types of

hydrothermal fluld.
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Chapter One ‘
STATEMENT OF %’ROBLEM.
e

The current study developed out of the pa.r(c tion by this writer tn the
Cyprus Crustal Study Project, (CCSP), a Jolnt eplfure of the International.
Crusta.l. Research\Drllll;x_g Group (ICRDG) and the Government of Cyprus
through the Cyprus Geological Survey ove‘r the period 1983 tlll the present.

[

The alm of the CCSP has been to Investigate the Troodos Ophtolite Complex
of Cyprus as it s generally recognlsed as one of the best preserved examples of
anclent ocean crust avallable for detalled study.)

The praject, a coordinated interdisciplinary study, has applled the experlence
galned over a decade by the ICRDG in study!lng insitu oceanlc crust using shallow
(to 1 km) samples to study the Troodos ophiblite malnly using research drilling

with contlnuous coring as well as fleld studleg toMest current models of oceanic

crust and to obtaln a three dimensional record of the structure of Troodos.

4

Participation by the present writer In the project centred malnly on a study
of rock core obtalned from drillhole CY-4 located at coordinates 34° 5406 N
latitude and 33°05 38 E longitude on the outskirts of Palekhorl fllage. central

Cyprus (fig.1.1). ) . /

/
]

CY-4 was drilled by ICRDG with the stated Intention of recovery of a
complete section of the plutonlc rocks of the ophlolite. Commenecing {n the lower
part of the Sheeted Complex the drillhole Intersects diabase dykes, 1sotropic and
la.yen_ed gabbros as well as cumulate ultramaflc rocks before terminating In

serpentinized peridotites at a depth of 2283m. Overall core recovei'y was about

08%. ¢




, Fig."7.1. Location map showing site of CY-4,
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In the current study, dlabase dykes, isotropic and layered gabbros and the

ultramaflec cumulates were sampled from the drilicore with the Iintentlon of

M -

Investigating the nature and extent of any postmagmatic alteratlon the rocks may
have been subjected to and to ascertaln to what degree, If any, such alteration
could be ascribed to sub seafloor hydrothermal processes. The stu'dy also
Involved fleldwork In the lsotrople gsl;bros occurring in the vicinity of the dlabase
dyke - plazlqsrarrttt - gabbro contact at Aylos loannls in the Pltsilla district of

central Cyprus near Agros.

L3
The masaln reason for the Interest In sub seafloor hydrothermal processes as

may or mAy not apply to the plutonlec part of the oceanlc crust Is that such
processes are pow well known to be responsible for the extensive recrystalllzation
of uppermost parts of oceanle crust, and In places are the direct causes of the
formation of base metal massive sulphide deposits commenly occurring near the
seawater/oceanic crust Interface ( MELSON and VAN ANDEL. 19668: CANN,
1969; SPOONER and FYFE, 1973; LIOU and ERNST, 1979, MUEHLENBACHS,
1979; ELTHON, 1981; BOHLKE ET. AL., 1984; ALT ET. AL, 1988 ). However,
such processes are not_a.s well constralned In the pluteonle parts of the oceanic
crust as they are In the uppermost parts. Studles In this fleld (e.g. BONATTI
ET. AL., 1975; FOX and STROUP, 1981; VANK‘O and BATIZA, 1982; ITO and
ANDERSON, 1983; STAKES and VANKO, 18868) have been mostly based on
allochtonous dred%a samples from the oceanflloor, thus often making It difficult to

fully evaluate the nature and overall trends of post magmatic alteration as

-

applicable to the deeper levels of oceanlc crust.

The drilling at Palekhor! by the ICRDG ?hrough the plutonle part of the
Troodos ophiolite sequence thus provided an opportunity to Investigate the post

magmatic alteration of the Intrusive parts of anclent oceanle crust contlnuously




from the diabase dykes through to the serpentinized peridotites free from the

extensive weathering that dominates much of the Cyprian lAndscape.
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_ Chapter Two
PREVIOUS WORK ON OPHIOLITE“?.

2.1. OPHIOLITES.

The term' ophlolite wai originally used to describe serpentlnltgs and was first
used to describe the -associatlon perldotite-serpentinite, gabbro, dlabase and
as;oclated seHI;enw (radlolarian cherts,pelagic clays and deep foraminiferal
limegs®ne) by STEINMANN (1627). Hls Impression was that the ultramafic and
mafic rocks of thls assoclation had lIntruded Into the overlylng sediments
(thus,the"STEINMANN "I‘RINITY' of E.B.Balley) and that the copper-bearing
metalliferous velns assoclated with these rocks were a late magmatic phase
inJected Into the surrounding and overlylng rocks. Hls descriptions generally

Implled that ophlolites represented an early Intrusive event In the formative

stages of eugeosyncline development.

C

In 1972 the Penrose Conference on Ophlolites convened by the Geological
Socle'r.y of Amerlica defined ophlolites as a distinctive assemblage of maflc to
umcks and that In a completg ophlollite the rock types occur In the
following order from top to bottom: PELAGIC SEDIMENTS: Cherts.red clays
and minor llmestones overly/lng the Igneous complex. PILLOW LAVAS; Basalts
and Spllltlz.ed Basalts Interlayered with minor Mn-Fe oxlgle;s‘pre\cltpltates.
SHEETED DYKE COMPDEX: A thick layer of vertically orlented parallel
dlabase dykes. GABBROIC COMPLEX: Isotroplc and layered gabbros wlth
minor plaglogranitic differentlates at the top grading downwards Into cumulate
porm'tlt—;.wlth little deformation fabric. ULTRAMAFIC COMPLEX (commonly
serpentinized); Varlable proportlons of harzburglte, lherzollte.weh{llte and dunite
usually with a metamorphic tectonlc fabric developed prior to s;arpemtnlzatlon
(COLEMAN, 1977; GASS' and SMEWING, 1981; HYNDMAN, 1985). A

schematle proflle of-an ldeal ophlolite sequence 18 presented In figure 2.{.
1
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2.2. PETROGENESIS OF OPHIOLITES ’

Chemical, structural and setsmic studles (e.g. GASS, 1968; THAYER, 1069:;

CANN, 1970; COLEMAN, 1971; DEWEY and BIRD, 1971; }AOORES and VINE,
1971; PEARCE and CANN, 1971; KHAN ET.AL., 1972; SP@B and FYFE,
1973; CHRISTENS.EN and SALISBURY., 1975) considered that obducted
ophlolites were similar to oceanlc crust aﬁd upper m;ntle. The evidence these
workers and others produced led to a wider acceptance of the hypothesis that

ophlolites are fragments of oceanlc crust (COLEMAN,1977).

This was not a new hypothesis (see DE ROVER, 1957; DIETZ, 1963; GASS
and MASSON-SMITH, 1963; HESS, 1985) but It galned wider acceptance because
it fitted in with the newly developlng theory of plate tectonlcs lech showed that
mid-oceanic rifts are divergent plate margins whepe oceante llthospheré 1s formed
and then spread out on both sides,only later to descend back Into the mantle at
;bcean trenches (UYEDA.1678). Pr;:sumably then, accldents could occur at ocean
trench sites leading to the uplift and preservation of fragements of ocean crust,
the process of obductlon. Figure 2.2 sa model suggested for the ophlolites of the
pMiddle East. It Is an approximately true - scale sketch for the emplacement of
Mildeast ophlolites by the co‘lllsl.on of a subduction zone with a continental
margin. . ' o .

2.3. COOLING OF OCEANIC LITHOSPHERE ~ .

Heatflow measurements near seafloor spreading centres ( SCLATER and
FRANCETEAU, 1970; LISTER, 1972 ) showed that the conductive thermal flux
recorded could only account for lees than half the expected flux based on
theoretical calculatlons even though the decay of topographic helght away from
most of the ridges was in accord with llghosphere arriving at the ocean floor at tts
melting point (DAVIS and LISTER.19874). CaYeful analysis of heat flow values

over medium scale aceanlc fear-rift topography strongly suggested that

cm————— cm —eereses
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convective hydrothermal circulation was occurring beneath the oceanfloor rocks,

and that this was the mechanlism causing the difference between the expected and
measured thermal flux. Utillzing this difference, the heat flow drawn by seawater
convection per unit area of fresh ocean crust is estimated to be 15.1 x 10'€’ca.l/cm2
for slow s;areadlng ridges and 11.5 x 10'°c11.1/<:rn2 for Intermediate to fast
spreading ridges (WOLERY and SLEEP.19768). Hydrothermal heat transfer has
also been calculated experimentally by extrapolating the ratio between the
concentration of SHe and the fluld temperature measured In ’hydrothermal
solut.lons_dlsch'arzlng from the axial zone.on an ocean ridge to the total oceanic
flux of *He (JENKINS ET.AL..1978). Y e

2.4. CONVECTIVE HYDROTHERMAL CIRCULATION AS

AN OCEAN LITHOSPHERE COOLING MECHANISM

In addition to'conductlon,s heat transfer mechanism Involving the gross
displacement of matter bec:ma a viable possibllity in situations such as mid-
oceanlc rldges where a heat source (magma) cools In a permeable enviroment
mrated with fluld. The possibllity of thls occurence has been shown by FYFE
and LONDSDALE (1981) to depend on the attendant zeothermal gradlent

exceeding the adlabatlic gradlent:
-8T/ér = 8 gT/C
where 0 Is the coefficlent of thermal expansion;
C s the specific heat at constant pressure;
g !s the acceleratlon due to gravity.

STRAUS and SCHUBERT (1977) report that In a system where the matter

being displaced s pure water,the adiabatic gradient Is greatly exceeded whenever

the geothermal gradlent exceeds 25°C/km, meaning that thermal convectlon !s.

hac, SRS VORI
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possible for almost al]l possible ocean floor gradlents '(FYFE and
LONDSDALE,19081). Significant' flow depends on a {lnite permeability and the

onset of convectlive flow has been described by the Rayleigh number In the form:
R, = nﬁABgH/rc“r; '
wt\xere K 1s the permgablllty.
8 1s the coeffclent of thermal expansion of the fluld,
A#f 1s the temperature gradlent,
g s the acceleration due to gravity, .
H is the thickness of the permeable layer,
:c;‘ Is the the?mal diffusivity of the rsat.urateAd medium,
and n 1s the kinematlc viscosity of the fluid.

K= km/p:Cp

e __
. <
where km 1s the thermal conductlvity of the permeable medium, and

p_is the fluld density.
Cp 18 the specific heat of the fluid.
n = u/p ; where u I8 the dynamic viscosity.

Flgure 2.3 lllustrates a schematlec model for the cooling of oceanlc lithosphere

by the convective mass transfer of sexwater.

Actual convective flow depends on the Rayleligh number excedding a critical
value (ELDER,1978) and the vigour of convection Is directly proportional to the

amount by which this value s exceeded.
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LAPWOOD(1948), In hls work on the onset of thermal Instabliity in flaid-
saturated porous material heated from belSw.det.ermlned the critical value to be:

R, =4x> (39.48).

<

" A majlor problem w}th seafloor modelling is the lssue of rock permeablility at

‘ these sites (FYFE and LONDSDALE,1981). Initlal permesabliity lscreated In the
oceanlc crustal rocks by brittle contraction and fracture as basaltic magma of
density 2.7 - 2.8g/cm® crystallizes to tmalt.’ with a density close to 3.0g/cm’
(DALY ET.AL.,1988). This volume contraction in the sheeted dykes and gabbros
creates a porosity In the range 5-10%. Several approaches have been taken to the
Qquestion,and disr 'lhg. models which assume no convectlve heat transfer across
the ocean floor (FEHN- and CATHLES, 1978, 1979 ;: PATTERSON and
LOWELL, 1872), another class of models EBODVARSSON and LOWELL, 1972 ;
LOWELL,1975 ;: SLEEP and 'WOLERY.fQ‘IS) @ma a permgabﬁlty coatrolled
by dlscrete,widely spaced nfact.uregy with convective heat loss(see 1g.2.3) These
tend to it the heat flow data (RONA and LOWELL,1982), and typlcal
calculations conslder vertical fractures of a few mm width and separated
distances of the order of lu'n to yleld permeabtlltles in the range 108 0 10° cm?.
Using this range for k In the compliation of Rayleigh numbers at seafloor sltu.R.

greatly exceeds 4x3 -lndicating vigorous convection.

-

Calculations (SLEEP and W.OLERY,1978) show that®: few continuous wide

aperture fractures (flow Is proportional to wldtha) can zeneﬁe'u large average
/ & 4

Bulk permgability.




2.5. CHREMICAL AND MASS ASPECTS OF
SEAWATER-OCEAN CRUST INTERACTION
Chemleal changes occurrl‘nz In seawater and ocean {loor crust due to their
interaction depend on the flowrate, water/rock ratlo mci temperature of
alteration ( FYFE , 1978 ; SEYFREID and MOTTL , 1982 ). Flowrate ls
propon.lona?l to rock permeabllity, whlle controlled by gradlent; alteration

temperatures are also a function of attendant geothermal gradlents. Water/rock

ratlos are estimated using heatflow studles where It is tnown that about 12.5 km>
of hew oceanic crust must be formed each year at the ocean ridges to account for
seafloor spreadlni (HEIRTZLERHM'J). Cooling of this magma eventually
-llberates between 25.t0 50% of the global beai production (WILLLAMS a._nd VON

HERZEN,1974 : LUBIMOVA,1977 ; SMITH,1978 ; ANDERSON and

SKILBECK.,1981) estimated at 2.4 x lomca.l/yr (VERHOOGEN ET.AL..1970).

Assuming that this heat goes Into rﬂslng the Lemperatu}e of seawater to

100°C then 10'?; seawater/yr will cyele through ocean crust. Now depending 6n
“the awverage tefnperatur‘e to which the fluid is actuslly heated (50 to 300°C:
SLEEEP and WOLERY , 1978; 100 to 300°C : DAVIS and LISTER.1977) and
‘ . 'a:ssumlnc c!‘rculauon occurs through the entire thickness of océan floor crust, the
'water/rock ‘.razlo will range 5—36 (;ee FYFE and LONDSDALE,1981). ’}‘hls is a
range for "average*® oceanle crust.,‘ and where flow 13 focussed In reglons of Righ
permesbllity, usually highly rr'actured and brecclated, very high water/rotk ratios
may be attained as show\h by SPOONER(1977) whose calculated values reach 100

* -
in the stockwork zones of the Troodos deposits.

A 4
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2.6. EXPERIMENTAL WORK

Experimental work In this fleld has sought to duplicate the eff?cts of natural
hydrothermal activity on oceanlc crust and seawater. The earllest experiments
(HAJASH , 1975 ; BISCHOFF and DICKSON , 1975 ; HELGESON and
KIRKHAM , 1978 :; SEYFRIED and BISCHOFF,1977 ; BISCHOFF and
SEYFRIED , 1978 ; MOTTL and HOLLAND , 1978 ; SEYFRIED ET. AL..
1678) were carried out before the 1979 dlscovery and sampling of hydfothermal
flulds venting on the ocean floor at 21°N on the East Pacific Rise (RISE Project
Group,19879). These experln;ents showed that seawater I3 transformed from a
slightly baslc Ns.—Mg-Cl—SO4 dominated solutlon to a slightly acldic Na- Ca - Cl

dominated one during Interaction with basalt. The experiments Indlecated that

. acldity and Mg uptake were important factors In the solutlon of metals.

Several w&'kers alsd reported the dlscrepancy between the virtual absence of
anhydrite In submarine rocks' and its consistent appearence in all seawater -
basalt experiments. BIS'CI:{OFF and SEYFRIED(16875) in their Investigation of
the behavior of heated sealﬁ)vater found that a magnesium - hydroxy -.\sulphate -
hydrate (MHSH) preclpl{ata out early In seawater-basalt interactlon,and that

this hydrate plays an Important role in the generation of acidity.

According to thelr {indings, anhydrite precipitates out of seav;/ater at 150°C
thus reduclhg the concentration of Ca and sulphate In sea water. Above 250°C
the Mg content begins u? drop and the H* content begins to rise. Magneslum
hydroxy sulphate hydrate begins to precipitate out at this temperaiure till about
500°C. In the process of dolng so, ext.ract.lriz ;ulphate from solution thus

partially redissolves anhydrite. The Incorporation of a Mg(OH)z-llke component

into the MHSH 1s responsible for the Increase In H*. This Increase in actdity of

. the heated seawater and related Mg depletion are cruglal to metal extraction

. T e
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during basalt-seawater Interaction at elevated temperatures (ROSENBAUR and

BISCHOFF,1983).

Post 1979 experiments (¢.g.SEYFRIED and BISCHOFF, 1981 ; SEYFRIED

and MOTTL , 1982 ; ROSENBAUR and BISCHOFF,1983) acting on the basls of

‘temperature and water/rock Information obtalned from the direct obseﬁ'auon
and study of venting fluids at 21° N EPR have been better constralned though

yleidlnz results in the same trend as earller experiments. With regard to the most

important factors regarding sub seafloor convective activity, direct observation

and sampling at 21°N EPR and other sites Investigated since then

(e.g. EMBLEY,1988) has revealed that the discharging flulds Jet out of ocean crust

at temperatures of up to 35Q°C and at flow rates of up to 100Kg/Sec and are

particulate "laden; thel;' chemical composition is qulte different from that of

" \fawater(table 2.1).

s
- Table 2.1: Compesition of seawater and ventflulds in ppm from 21°N.
FLUID pH Mg Csa K SO4 SlO2
Sea, 79 1315 420 303 2755 10
Yent[ 3.6 0 862 978 0 1291
. . ‘ .
‘ .

(After EDMOND,1981.)

Concentratlons of Ba, B, Ll and K In the ventwater indicate that it 1s derived
from basalt-seawater Interaction at water/rock ratios of less than 3, thus

‘Indicative of a strongly rock dominated system (SLEEP,1983).

However, a qualitative di{Terence exists between water/rock ratios when

deallng with heatflow and w;tér/mck ratlos In the case of chemical Interaction."

o

\
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In the former,the term relates the volume of seawater to the volume of rock from
which the heat Is extracted while In the lat;er 14 ‘rela.ta the volume of seawater to
the volume of rock with ,which {t reacts chemically, ROSENBAUER and
BISCHOFF(19883) remind us that heat exchange can occur without chemlcal

reactlon.

s
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4 Chapter Three -
THE GEOLOGY OF CYPRUS.

3.1. INTRODUCTION

Located between 34°and 36°N latitude and 32° and 35°E longitude Cyprus Is
situated between the Anatolian Plateau to the north and the African Shleld to
the south. On the basls of geclogy and topgraphy, the Island is divisible Into four
malin zones trending east-west and convex to the south(fig.3.1). From north to
south these are: The Kyrenla Range consisting of a core of brecciated and
recrystallized limestone and flanked on elther side by sheared chalks and shales
and integcalated with contemporaneous lava flows and sllls. The Mesorla Plaln,
consisting of the northyard dipping strata of the Mesorla group which lie with
marked a.jngular unconformlity on tightly folded flysch. The Troodos Complex
with a core of baslc and ultrabaslc rocks showing vyarylng degrees of
serpentinlzation surrounded by the Sheeted Complex and Plllow Lavas, occupying
a rqughly oval area of 3000km? In south western Cyprus with two small Inllers,

Troulll and the Akamas penlnsula to the east and west respectlvely (BEAR,1963).

The Mamonls complex to the south of Troodos. and separated from it by the
east - west trending Arakapas fault belt that has been described as a fossll
transform belt (MOORES and VINE, 1871). The complex Is also kno;vn as the
Limassol Forest Complex and is a severely deformed antiformal plutonic structure
which s composed of a host rock of tectonlzed harzburgite and extensively
serpentinized dunite and an Intrusive suite of ultrabasic and basic plutons and
dykes. Current studies suggest that the complex formed In an oceanlc transform
fault (MURTON and GASS, 1984), and s possibly a subduction -melange
(MOORES ET. AL., 1984).\F|¢ure 3.1. 1823 geoloﬁlc map of the Troodos gphlollte

complex. The Inset map lllustrates 3 maln geologic reglons of the island.

17
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Fig. 3.1. .
Geologic map of the Troodos ophiolite., After 3BEAR,

1963,
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3.2. THE TROODOS OPHIOLITE COMPLEX

The Troodos ophlolite complex is the dominant geological feature of Cyprus.
It occuples the central third of the island and s covered by @»Qr the largest
recorded positive gravity anomalles on the planet which attalns s t;xaxlmum of
over 250 mllligals over the cenier of the complex. The rocks of the ophlolite form
the basement complex-to sedimentary rocks of upper Maastrichtlan -Tertlary age
composed of deep to shallow abyssal marls and chalks which range 500-800m in

thickness. No continental rocks are evident on Cyprus (WILSON,1959).

The complex has been divided into three par;.s for descriptive purposes
(WILSON.I@SQ; GASS and MASSON{SMITH,1963; GASS,1967). These are the
Plllow Lavas the Sheeted Complex an% the Plutonle Complex (f1g.3.1). Extenslve
late Tertlary uplift of up to 2km (GASS and MASSON-SMITH,1963;
ROBERTSON,1877) centres on what Is belleved to be a serp tintte diaplr whose
apex ls,Mt.Olympua which forms the topographlic high poTme the island and
consists of the deepest rock type of the ophiolite. The combined effect of the
serpentinite dlapirism and erosion on Cyprus has been one of "revefsed
stratigraphy® whese the summit of the ophiolite consists of the deepest lylng rock

type Ard the periphry Is composed of plllow lavas locally overlain by Mn-Fe oxlde

chemlcal sediments-umbers.

The Plutonle Complex 18 exposed In the Mt.Olympus area and to the south In
the Limassol Forest Area (MOORES and VINE.1971). It is composed of coarse to
fine grained Intrusives of gabbro!c.' 'dlormc. tonalltlc and trondhjemjtlc
composition collectively termed the High Level Intrusives which overlie the
gabbros and ultramafles of cumulate origin. Tectonized harzburgites with a

gnels*: foliatlon and lineatlon which include lentlcular dunite pods with accessory

chromitite occur at the base. A dunite layer occurs above the harzburgites
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(GASS,1980). The ultramafle rocks show extensive partial to complete

serpentinization (BEAR.1960).

The entlre complex ls bverla!n gradationally by the Sheeted Complex, a
massive dyke swarm consisting of 80 to 100% dykes intruded Into screens of
pillow lava In the upper part and plaglogranites and gabbrole rocks In the loyer

part.

»

Troodos harzburgites show a well developed tectonle follatlon made
prominent by the metamorphic segregation of ollvine and orthopyroxene. The
attendant texture is xenoblastie granular Qnd the rock Is composed of 8 minimum
of 70% ollvine and up to 30% orthopyroxene by mode. Clinopyroxene Is hlso
present as lsolated gralns of Cr-dlopside, usually less than 5% of the mode. Cr-

splnel consists of up to 29% of the mode.

Up to 20% of the total hirzburzlte outcrop“at. Troodos con irregular
lentlcular masses of dunite. Mlnor bodles of gabbrolcwand lherzolmc\cov position
also occur. All these masses appear to ha;'e undergone simllar derormatl'on. The
olivine of the dunites is of the same composition as that of the harzburgites. The
chromite has high Cr/Al ratios and occurs 4s layered euhedral gralns, suggesting
that th:,dunlte pods are of a cumulate origin (BEAR,1960 ; MOORES and

VINE,1971 ; GREENBAUM,1877 ; GASS,1980).

The chemlcal ud"mlneraloglcal homogenelty of the tectonized harzburgites
has suggested to several workers (e.g.MOORES and VINE,1871 ;
GREENBAUM,1872 ; MENZIES and ALLEN, 1974 ; GEORGE,1975 ; KAY and
SENECHAL,1976) that they represent the resldue of a plagioclase lherzolite
mantle from which basaltic liquid has been extracted to forh the overlying

cumulate plutonics, slgeeted dykes, and plllow lavas. However, the recent work by
»
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ROBINSON ET.AL.(1983) on fresh volcanle glass from Troodos leads them to the
conclusion that the basaltlc rocks of Troodos may represent -liquids from an

already depleted mantle source.

The tectonlized harzburgites are overlain by one and two pyroxene and olivine
bearing gabbros of a cumulate texture. These In turn are overlaln by high level
intrusives composed of lsotrople gabbros and acldic, leucocratic rocks which also
appear to be differentlates (ALDISS,1978). These high level intrusives range In
thickness from S50 to 800m (GASS,1981) and form the base to the Sheeted
Complex. They tend to be of subophitic texture and are typlcally composed of
varylng amounts of clinopyroxene, (Ca-plagloclase, minor orthopyroxene and

titanomagnetite (GASS,1980).

-

The Sheeted Compiex 13 a N-S vertital dyke swarm that extends E-W across
strike for more than 100km (BEAR,1960) and contains little or no host rock. It
has been divided 12to an upper Basal Group composed of 90-100%% dykes with
screens of pillow lava and' a lower Dlabase Group composed of dyke swarms
composed of - 100% dykes (MOORES and VINE,10871). 'I:he mechanlsm of
Intrusion appears to have been one of multiple injections whereby a freshly
extruded dyke Intrudes into the centre of a preexisting dyke, only to be later
Intruded Into by a later dyke itself (Nig. 3.1). Multiple Intrusive and extrusive
episodes appear to have taken place over a perlod of time. The injection
mechanism necessarily Implies a tensile tectonlc enviroment in an upwelllng zone

of mantle convection.

Indlvidual dykes v;ry in width from 0.1- 5m and are fine to medium gralned,
mostly aphyric, non-vesicular with ophitlc to varlolitlec textures. Though
commonly affected by metamorphlsm, the Igneous textures have not undergone

significant transformation. . , '

\
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‘ ‘_ Pillow lavas and flows with sparse to abundant breccla relatively free from
K ' Intrusives comprise the Plllow Lavas (WILSON,1959 ; PANTAZIS,1967). Only
the uppermost plllow lavas contaln ollvine phenocrysts, which are commonly
altered, and have been sublected to zeolite facles métam;)rphlsm. The lavas
extend around the opl.uollte complex at Its periphery forming the uppermost

/'5. . 2-3km in the pseudostratigraphy.

Early workers at Troodos (WILSON,1959 : CARR and BEAR,1960 : .

e

GASS,19880) recognised that the sequence could be divided Into an upper and

lower unit on the basis of fleld, petrographlc and geochemical criteria.

The Upper Plllow Lavas are domlnantly ollvine and clinopyroxene phyric
basalts with pleritic units which in some locations ‘lle unconformably on the

oversaturated aphyric basalts of the Lower Plllow Lavas (GASS, 1980).

Later studles of the metamorphlsm of the lavs;(GAéS-and SMEWING,10873 :

SMEWING, 1973;1875) suggested that a metamorphlc discontinulty separates the

two lava units. Based on the spatlal distgibutlon and paragenesis of the

‘ metamorp(lc minerals encountered, GASS and SMEWING (1973) suggested that
“the Lower Plllow Lavas were metamorphically Fonformable with the underlying

Sheeted Complex whlile all the'Upper Plllow Lavas lay In a distinctly separate

metamorphlc facies. They suggested after BEAR (19060) that the Lower PiHow

Lavas and the dykes of. the Sheeted Complex were cogegetic anfi were
metamorphosed at or near a spreading axis. They further suggested the term Axis
Sequence to collectively describe these rocks,and the term Off-Axis Sequence for
the tUpper Pillows which they Interpreted as belng products of off-axis volcanic

activity.
. -~

However, Some of the more recent geochemical studies (ROBINSON

C

' ' . .
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ET.AL., 1983 ; SCHMINCKE ET.AL., 1883 ; MALPAS and LANGDON,1984 ;

RAUTENSCHLEIN ET.AL..1885) working malnly with fresh volcanlc glass stlll

preserved from Troodos,and Integrating this with Neld studies and’petmgraphlé
work reject the thesis that the plllow lavas may have been pervasively altered as
previoﬁs studies such as those of GASS and SMEWING,1973 and -
SMEWING,1975 have suggested. They point out that the large quantites of fresh

s glass preserved at Troodos s not consistent with a pervasive metamorphic event.
These studies also have suggested the presence of two distinct volcanic suites, but

{ state that they do not neccessarily colnclde with the earller sultes, and that In

many instances the division Is stratigraphically lower.

.

The upper sulte Is sald to be a picrite-basalt-basaltic andesite assemblage of
bonlinitic a.m'nlty while the lower sulte Is an andesite - dacite - rhyodacite

*' ' assemblage of tholelitic affinity.

The glass compositions reveal the existence of two majJor magma suites

apparently corresponding to distinct stratigraphlc intervals. The basal 400 - 500m

of the séquence consists of the andesite - dacite - rhyolite assemblage contalining

.

abundant hyaloclastites. The remainder of the extrusives comprises a basalt -
basaltlc andesite assemblage with high MgO and low ’1‘102 and low total iron.
Nelther of these two compositions Is typlcal of mid - ocean ridge enviroments.

The lower sequence most closely raemblé and evolved arc - tholelite whlle the

VR W S R TIL ReY
£

upper sequence appears simllar In some respects to boninitic tavas or high - Mg

andesites. To date, there has been no fleld evidence to suggest that there Is a

N e v e

structural or metamorphlc discontinulty between the two suites, l.e. the two

A~

appear to be closely related In time. The close assocliation in time and space of
the two sultes is simllar to that observed in the Mariana and Bqnln arcs

(MELJER, 1980; CRAWFORD ET. AL.,1981) and Is Su'gzestlve of a genetle

S
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; relationship. The lavas have a higher than MORB volatile conteqt, and it is this
feature \t.ogether with their geochemistry that suggests that they were erupted In
a subduction zone enviroment, probably In an arc or fore-arc setting. However,
‘ the absence of pyroclastlc rocks and the relative thrtfess of the crustal section at
Troodos Indicates that & mature Island arc never developed (ROBINSON ET.
, AL., 19083). .

3.3. CYPRUSWPE MASSIVE SULPHIDES

Copper, or "Cyprian metal® as the anclents called It, was flrst mlned on

-

Cyprus 7,000 years ago by the anclent Egyptians who previously In neolithic
times had mined the metal In the Wadi Magharah and from Sarabit at Khad!m in

the Sinal Penninsula (BUDGE,1928).

. Indeed,the name copper Is derived from Cyprus, and the island is the type
locality for massive and disseminated copper-bearing pyritlc orebodles occurring
in ophlolite complexes (COLEMAN,1977). At ﬁ@m. these orebodles occur in
the plllow lavas close to the sediment/lava Interface as massive and dlsseminated
sulphide lenses underlain by funnel shaped stockwork zones" (BEAR,1963;
SEARLE,1972; CONSTANTINOU and GOVETT,1973). In general,the ore lenses
are conformable with the plllow lava s;:quence aRd occur as dissemlnations In

kY
plllow lavas averaglng 20% sulphur or as massive de‘poslt,s with 40-50% sulphur

and 1-4%Cu (BEAR,1063). .Pyrl;'e and marcasite are the most abundant primary

1€ 2 vyt 2 WA PRRARRTY

sulphides and are assoclated locally with small amounts of Cu and Zn ore of
patchy distributlon and Include primary chalcopyrite and sphalerite. Quartz and

chlorite are persistent gangue anerals (BEAR, 1963). The orebodles are typically

-
—

' zoned,and are located at the fringes of the ophliolite only because they are In the .

lavas (112.3.2). -

Originally, they were of size range 1-10 x 108 tons, the largest and richest
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Fig. 3.2. Location map of the main sulphide deposits
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having been the Mavrovounl dex;odt. whic t.a.lmd about 15 x 10° tons of ore
at between 3.5 and 4.5%Cu. 963) Associated with these sulphide
depdsits are oxidized manganese and lron deposit.s, t.he‘umbers' wmcb repruent.
late stage (post - sulph]de deposat.s) waning hydrothermal acuvit.y whose
exhalations underwent. oxlda.t.lon via mixing with seawater.

-

. 3.4. SUMMARY - = -

- * -

Mineralogical, geochemical and structural evidence indicates that the Troodos
ophioube complex was extracted from pristipe or depleted mantle In an
extenslonal enviroment in an island arc or fore-are aetﬂf“i{e presence of a well
developed sheet.ed complex mueo st.ronzly for - a malor spreadlnz component.
The massive sulphide a.nd oxide depodt.s of the complex occur In the uppermost
plilow lavas and have a hydrothermal orls}n
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Chapter Four
TROODOS PETROLOGY

4.1. IN TRODUCTIQN

Representative samples of sheeted dykes,gabbros and peridotites from the

Troodoe Ophlolite Complex were sectloned ahd examined pe‘trographlcauy to

'dqtertﬁlne the igneous and metamorphlc mineral assemblages and textural

& .
relauonsblh. The~mlnersl chemlstry of the qmerent. phases studled was

- e 4 e
determined by electron microprobe analysls whereas X-ray diffraction analysis
‘V .
was.ssed to ldentify very fine gralned a.!i.eratlon minerals occurring In shear zones
and velns. -
. 3.
4.2. IGNEOUS PETROGRAPHY
Troodos dlabase dykes are of a dull grey colour, non - vesicular, aphanitic,

uniformly tewred and commonly exhibit one way chill margins of subhorizontal

.
A

{ ve?dc&l_ orientation. Later dykes at different orlentations are commonly

!

observed transecting earller ones. gf"a-plagloclase of labradorite composition is the

dominant mfr}eral phase eomprising 50 to 60% of.the mode. It occurs as clear,

colourlo;es. subhedral to euhedral laths and exhlt:h.s characteristic alblte and
carlsbad twinning. = Augitie cllnop‘j.(oxene is second In abur:da.nce to Ca-
phuloclasé. It is of subhedra‘l\t.o anhedral gra.x;ula.r hablt, colourleg to pale green
~and occuples 30 - 40 % of the mode. ;Fe - T1 oxtdes, mainly tlt.anomainetlte and
_limenite as well as a minor amount of orthopy:roxene constlitute the :mt. of the
“rock mass. The dlabase ‘lykeo examined from Troodos exhibit a variety of
textures ‘which are re‘lated| to the grai!n slzes of the constituent minerals. In the
fine grained dlabase, the dominant texture is microporphyritic (plate 1.). In these

rocks, the groundmass is composed of subcalcle augite, small amounts of

*‘¢rthopyroxene, Fe - T1 oxides and plagloclase. .
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Overleaf: Plate 1. All scale bars 100 um.

A. Microporphyritic texture in dlabase dykes with mlicrophenocrysts of

hydrothermal alblite.
e
B. Ctact between two varleties of Troodos dlabase. Veln at contact s of

chlorlte.” .

[y

C. Alteration of augite to actinolite in dlabase. Remobilization of Fe - T!

oxides along actinolite cleavage.

}

D. Ollvine alteration to serpentine in microporphyritic diabase.

E. Same as B, with late zeolite veln blsecting chlorite vein.

F. Green actinolite forming as a retrograde phaée in brown hornblende.

Ca-plagioclase (An60-50) s t;he maJjor mlcrophenocryst phase. Augite Is also a
microphenocryst phase but to a lesser extent. Both are of sub to euhedral habit
when they occur as mlchDhenocrysts. Olivine is the only other microphenocryst
phase present. It occurs In very mlnor amount and Is almost always altered to
éérpentlne. With increase In gralnsize, usually traceable awa-y from chill margins,
the rack texture becomes intergranular, with subcalcic augite Interspersed with
Ca-plagloclase. In the lower parts of the Sheeted Complex, the rocks become
coarser and the domlnant feature of the texture here Is that It Is subophitlc; with

the subcalcic augite partlally enclosing laths of Ca-plagtoclase,

[ -
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Overleal: Plate 2. /4 Rodingttized gabbro from Troodos. Sample from CY-4

1073m. White zone predominantly anorthita and prehnite with dark patches of

dlo'pslde and andradlite. Diameter of drilicore Is 4.7cm. Bar scale = 1em.

B. Leached,rodingltized gabbro from CY-4 at 1310m. Note porosity generated

by hydrothermal fluids. Bar scale = 1.5cm.

C. Intensly altered rodinglitized gabbro from CY-4. Dark mingral gop left Is

)
andradite garnet, Porosity generated by hydrothermal flulds. Baf scale = 1cm.

D. Epidote(dark patches at bottom), quartz(light areas), anorthite{mllky zone

-

bordering on dark diabase at top) alteration In dlabase dykes occurrlng‘\'ln gabbro

at 1074m in CY-4. Bar scale = 0.5¢m.

Petrographlcally the dlabase dykes are hence classified as being tholelltic on
the basls of the presence of two Mg-pyToxenes especlally In the groundmass as
this "...1s the hallmark of the tholelitic basalt In the strictest sense of the
term..."(WILLLAMS ET.AL.,1982). Proceeding from a depth of about 900m and
onwards In ;?Y-tl. gereens or small bodles of gabbrole rock are encountered. Wltﬁ
Increasing depth larger and larger screens are encountered untll at a depth of
about 1200m where the transition to Isotroplc gabbro is apparently complete.
However, that does not spell the end of the dlabase dykes for these are stlll
encduntered, albelt sporadlcally. In the Isotropic gabbro up to a depth of 1300m.
What this shows Is that the.boundary between the dlahase and the gabbros Is not
a sharp contact, but rather a zradatlénal zone of transition. The presence of Nne
gralned dykes well within and apparently wh;ally enclosed by gabbrolc rgcks l's

problematic and has been taken by some workers (e.g.GAS{1980 ; 1981 ;

IS
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MALPAS,1884) to be evidence of the existence of several magma chambers, both

spatially and in time, beneath actlve spreading ridges rather than the presence of

one maln magma chamber.

The initial gabbroic screens encountered at the t;ase of the Sheeted Complex
are light coloured or leucocratic rocks which are visually in high contrast to the
dull -‘grey coloured dlabage. These rocks are plagiogranites or trondhjemites, so
called because thelr mafic content as a whole is less than 10%% of the modal
composition. The proportton of these light coloured rocks Is very small compared
to the other rock types of the sequence; perhaps 29%. Mineralogically the
trondhjemites consist of plagloclase gnd quartz, typlc.e.lly comprising 80 - 100 %
of the modal composition. The- plaglociase composition ranges An30-80 wl"t.h
individual grains commonly displaying zoning. Modal quartz varies from 20 to 50
%%. with gralns showing undulose extinctlon and embayed boundarles. Several
textures are present In this rock type with the dominant one belng quartz and
plagloclase as equigranular aggregates. Graphlc intergrowths of the two maln

s
minerals (plate 4) 1s common. The mafle comyponents present, at most comprising

20 9% of the mode, are augitic pyr commonly altered to fibrous actinolite

- and brown hornblende. Accesory minerals are lron- titanium oxlides, zircon ‘and

sphene.

Medlum to coarse gralned, _.holocrystalllne. Isotrople, non-layered
microgabbros and gabbros paygtially to' wholly enclose the trondhjemitic rocks.
They range in graln size from medlum (mlicrogabbros) to coarse gralned
undifferentiated Isotroplc gabbros. The medlum grgined ‘mlcrogabbros are

commonly of subophitle texture while the coarser gralned variety Is of ophitic

texture.




Overleaf: Plate 3. All bar scales = 100um

A. Zoned epidote. Cgru have higher Fe content than fringes. Groundmass of

calclte (lower left) and anorthite (upper left). Section Is-from metadiabase.

B. Development of anorthite + .carbonate + sphene from Ca-plagloclase

(relict at lower left).

C. Quartz (lower left) + albite (upper left.white) + anorthite + epldote

~N

alteration assemblage in dlabase dyke present in isotroplc gabbro.

"D. Hydrothermally altered plagloclase In amphibolite facles assemblage.
d

E. Late alteration o‘\D. anorthite to prehnite and epldote.

v

F. Re&bgrade alterattSn of brown amphlbole (hornblende) to green amphlibole

-

(actinollite) In amphibolite facies contalning anorthite.
\

The plutonlc rocks at Troodos have a number of other textures most notably
anhedral' izranula.r and polkilitic. The mineralogic make up of the plutonic rocks

‘ 1s ess&ptla.ﬂy similar to that of the dlabases with the major dHffTerence that they
are more calcle In thelr composition. The plagloélsse composition Is An50-80,and
plagioclase comprises up to 6809 of the mode. Next In abundance lIs diopsidle
augite, hypersthene, minor iron titanium oxides and apatite. The dlopsidic auglte
displays exsolution lamellae of orthopyroxene. Hypersthene gralns are also
frequently -observed (plate 8) dlsplaying exsolutloq lamellae of dlopside. The

* presence of exsolution phenomena Indlicates that cooling was a slow process In this

part of the sequence.
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Layered gabbros and cumulate perldotites underlle the Isotroplc gabbros.
Plagloclase steadlly diminishes with increasing depth whlie ollvine becomes more
abundant. The dominant mineralogy !s akin to that of the preceding gabbros.
However, modal abundances vary greatly as a function of the layering. The
dominant texture is polktfr-caused by coarse grained orthopyroxene enclosing
olivine and plagloclase. The cumulate peridotites pave cycllc sequences of

e
pyroxenites, wehrlites, troctolites and dunites which are commonly serpentinized.

Core descriptions by the ICRDG(1985)provide a detalled description of the

cumulate layering sequences and variations.
4.3. METAMORPHIC PETROGRAPHY

Rocks of the Sheeted Dyke Complex have been extenslvely fractured, sheared
and brecclated. A detailed Inspectlon of drilicore (CY-4) through 2200m of
ophiollte, half of which Intersects diabase dykes, lgads this writer to conclude that
at Troodos, the veln./fracture spacing ls"p.lm, and that the average aperture of
fracture Is 3mm. The composition of vein Infll Is estlmated at 95 9% laumontite

with the remalning 5§ % composed of chlorite, quartz, epidote, Fe-oxldes.

disseminated pyrite, gypsum and other Ca-zeolites such as stilbite and analcime.

The observed alteration at Troodos though extensive, has not been totally
pervasive, It Is closely related to fractures, shear zones and faults c;xttlng through
the dlabase and as such the most affected parts are those In close proximity to
the sforementioned features. Overall, apart from zones of shearing and
brecclatlon, the igneous textures have not been obliterated though most of the

minerals have been transformed.

The malJor changes Involve the alteratlon of Igneous calcic plagloclase to low
temperature pure albite and the hydratlon of mafic minerals. Pyroxenes have

been altered malnly to chlorite and actinolitic amphlbole, while T1-Fe oxides have
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been altered to magne._ule"aﬁd sphene. Pyrite has been observed on fracture
surfaces In the diabase dykes. The minor olivine that occurs as a
mlcrophenocr:y;st phase In the u31croporphyrltlc dlabase has been replaced by
serpentine. Plagloclase stlll retalns-its albite twinning and sub to euhedral lath
form. but is of light to dark brown cclour rather than colourless. Augitic
pyroxene has mostly been transformed to chlorite and fNibreus actinolitic

amphibole (plate 5). It is commonly the last mineral to be transformed.

The characteristle post-lgneous minera! assembiage for the diabase dykes ls
albite + chlorite + actinolite + sphene. The presence of zeolite grbup minerals in
the dlabase dykes Is restricted to late velns and fracture fillings and Is here
considered as belonging to a late-stage event. The characteristlc mineral

assemblage for the late-stage event Is laumontite + calcite + gypsum.

Quartz and epldote, also veln minerals, are assoclated together and are
separate from the zeolite bearing fractures and velns. They appear to belong to

the earller alteratlon stage which Is responsible for the overall metamorphism of

>

the dykes.

Qverleaf: Plate 4. All scale bars = 100um.
A. Amphibolite facles assemblage of anorthlte and hornblende In metagabbro.

B. Epldote + calcite + albite developed in metadiabase.

C. Replacement of Ca-plagloclase by An“ and prehnite.

D. Quartz + epldote + calcite assemblage. Fractures in qua;tz(lower right)

fllled by late Ca-zeolite(laumontite). K

v

E. Graphlc Intergrowth of quartz + plagloclase in trondhjemitic gabbro.
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F. Hydrothermal texture of quartz + albite + opaques In quartz-albite velin In

dlabase.

The characteristlc metamorphlc features of the Troodos diabase dykes then,
is the absence of penetrative deformation and Lhe presence of a greenschist lacles
mlneral’ assemblage and a later zeolite facles one most prominent In the rracture;
system. Métamorphlc alteration of Troodos ophlolite gabbrolc rocks is simllar to
that of the dlabase dykes In that although It has been extensive, it has not been’
all pervasive. The major alteration trends observed consist of -the extenslve
alteration or uralltizatlon of clinopyroxenes to acﬁlnollte and minor chlorite(plate
5). The alteration Is usually complete although In some iastances, rellet dlopsidic
augite is still vlsl.b'le. Kelyphitic rims of flbrqus actinolite around auglte are also
obselfv'ed (plate 75.

“Chlorite Is not as commot& In the gabbrolc rocks as It Is ln\ the diabases.
Where present It s usually In small amounts and Interstitial to actinolite and
plagloclase. Plagloclase(An50-80) has been transformed to more albitic
forms(An15-30) and In parts to pure albite (see appendix A.11 fqr composlitions of
hydrothermal .plagloclase). Plagloclase has also been alterMne
epidote an'd prehnlte.‘ Fe-T1 oxides have been alu;.red to sphene. Relict
manomagnetlte is commonl! observed. ‘ surrdunded by spheng ' which It

Interpenetrates.

With Increasing depth in ‘Qhe gabbrolc sequence the E:omposmon of the
plagloclase progressively becomes ;nore calclc while the hydrothermal actinolite
composition 1s' replaced by magneslo - hornblende.. The characteristic
metamorphic mineral assemblage of the laot.ropli: gabbrolc rocks from tle

Troodos ophlolite Is actinoilte + chlorite + ‘alblt.e + epidote + sphene:

»
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A change In the amphibole composition is noted with Increa'slng depth and
L,

actinolite gradually gives way to hornblende as the major mafic hydrothermal

mineral. Retrograde actlvity is rved via the presence of pstches of pale green

amphibole (actinolite) In plates of T1 Yup to 19%) and A} >5%)rich brown

amphibole (plate 1).

The alteration assemblage here Is hornblende + chlorite + alblty + epidote +
sphene. This represents’ a transitional assemblage from greensch! to
amphibolite facles.

In other words, the Isolpepic gabbros are characterized by greenschist facles

Lo - '
metamorphism, and towards the base of these gabbros, epidote - amphibolite

transitjonal facles are encountered, and lower stlll, in the region where faint

* layering becomes appa;;nt. the cbaracterigtlc ‘metamorphic mineral assemblage is

Ca-plagloclase (An70-95) + hornblende.

Overleaf: Plate 5. All bar scales = 300um except A.

A. Relict Ca-plagloclase core In hydrothermal albite in metadiabase. - bar

.

scale = 100um.

B. Albite + sphene + serpentinlzed olivine in dlabase.

-

C. Rellct cores of lIgneous plagloclase In met:azabbro surrounded by:.

.

metamorphlc phases.

D. Actinolite + Fe-T1 oxides + plagliociase in gabbro. Plaglocl}m fresh

although the original pyroxene ls completely altered to actinolite.

E. Hydrothermal anorthite(top) + sphene + augite crystals + albite (white)

In metasomatized gabbro.
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F. Fibrous dctinolite + albite lnepultlzed diabase.

" =

“This Indicates that the transition from greenschist facles metamorphism to
amphlbaur.e facles metamorphism Is complete and occurs within the Isotrople
gabbros. Further ,though localized, alteration 2ones exist within the metagabbros
and some appear to be due to ca.l‘um‘ metasomatism. The zgnes occur as small
patches (up to 1.5m) and so'me olf them may be termed as having been
rodingitized. Baslcaily they a..re altered gabbros whose domlnant feature Is calclum
enrichment In conjlm{v-n—l‘glllca depletlon; They ¢onsist predominantly of
the calcium-rich -stlicates diopside, prehnite, anorthite and sometimes andradite

and typlcally occur in close proximity to'serp_ent.lnlzed mafle to ultramaflic rocks.

L
N

In the Troodos dphlolite radingltlzed rocks occur as narrow alteration zones
up to 0.5m wide in outcrop (pers.ob.) but are mainly exposed In the drilicore
studled as narrow bands of an ;vera.ge élze of 0.2m. They are of medlum grainslze
apd intergranular texture. The dominant mineral Is anorthite which commbdnly
tends to be pure, but usually:. ranges An90-98, interstitlal prehnite and rellct
amphibole stnce altered to dlopside. The Ca-Fe garnet andradite occurs as a
coarse yellow-brown minecal wmch is characteristically fractured, with the
fracture apertures ﬁlled by late AFe-rlc‘h :Zrehnlte wplch appears to be an
alteration prociuct of the andradite. Diopside In cx;ses appears to be a dehydration
product ot; actinollte afﬂmu‘gh it commonly s a replacement of augite. Other
minerals present Include sphéne with relict T1-Fe oxides and leucoxene, with
minor calcite. No imydroirouular has been observed, although a previous study
based deeper In the ultramaflo plle (BARRJJA ET.AL.,1983) at Troodos has
Identified the phase.

1 N
N The ultramafic rocks of _the Troodos ophlolite sequence have been extenslvely

- . b ,
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serpentinized. -Identification of the serpentine minerals carried out In this study

Indlcates that antlgorite is the malor serpentine mlneral present with minor

" chrysotile. Lizardite is rare. The malin veln minerals In thls part are prehnite +

chlorite + laumontite + minor carbonate. Laumontite + calcite occur as veln
minerals throughout the lsotrople ¢at?bros and wellﬁn}me layered gabbros(see
ICRDG,1985). These minerals are also assoclated with albite and anhydrite,
thou;h\ tpe anhydrite tends to be localized In the lower sheeted dykes and upper
gabbros'. * Anhydrite occurs locally' as a veln mineral a.;soclated with caleite and
prehnite and laumontlite to depths of 1500m In drillhole. Thve mineral assemblages
and nature of occurence as late veins of thls group of minerals suggests a low
temperature retrograde metamorphism effected probably by seawater bearing

sulphate, bicarbonate and calclum.

Overleaf: Plate 8.
All scale bars = 100um.

A. Prehnite displaylng characteristic Imperfect columnar "bow-tle® form in

k’-nets.g'abbro.

L

B. Prehnite dlsplaylng renliform globular masses, and occurring !n contact

with hqrnblende in metagabbro.

C. Serpentinized olivine(upper right). Note expadslon fractures propagating
into the ad)acent amphibole. o D. Hornblende displaying "worm-eaten” texture

together with cleavage in metagabbro.

E.Anhydrite in metadiabase displaying characteristic cleavage.Note presence

of Hehnlt.e(upper left).
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F.Greenschist facles assemblage of albite and fibrous actinolite developed

from auglte.

LIOU(1971),has established the equlltbrium curve of the assemblage:
Lasumontite = Walraklite + 2H20

at about 235°C at 0.5Kb, 255° +/- 5°C at 1Kb, 282 +/- 5°C at 2K fluid

pressure.

Walraklite has pot been ldentified at Troodos and hence It Is assumed that
the late stage alteration was well within L‘he stability fleld of laumontite.
However,the hydrothermal breakdown of natural laumontite above its stablilty

range appears to be a very slow process and has been observed to persist as much

as 80°C above lts true stabllity limit (LIOU,1971).

Alteration zones in which quartz and epldote are the predominant alteration
* minerals are noted sporadically in the lower diabase dykes and upper Isotropic
gabbros as w:elns 1-5cm wide,commonly with bleached aureoles usually devoid of

ferromagnesian minerals.

One of the most profound manlifestations of this type of alteration observed
in this study occurs In CY-4 continuously between 1089m to 1074.5m. The extent
of the zone, whlch occurs in diabase-dykes which themselves occur in lsotro;ﬁc
gabbros, suggests th‘at this type of alteration represents a major effect of basalt-

-

seawater interactlon.

Overleaf: Plate 7. All scale bars 100um.

A. Flbrous prehnite(right) In contact with quartz, sphene and hydrothermal

plagioclase.




L ey o PWRT VT K . e s tama s e G e e )




[ o it e et ACaSN Rt AE2ll ey

T Ry, T ST T

B. Prehnlte Interstitial to anorthite In metagabbro.

C. and D. Alteration kelyphitic rim surrounds clinopyroxene in metagabbro.

C=};POL. D=PPL.
E. Veln of prehnite + calcite in metadlabase.

F. Fibrous actinolite + altered plagloclase in metagabbro.

Core descriptions published by ICRDG(1985) descrlbe the 2zone as
predominantly white in colour with coarse grained aggregates (up to S5cm) of
radlating green epidote crystals occurring in marked contrast to the dull grey
colour of the host aphyric diabase whose mineralogy conslsts of 50%%

clinopyroxene and orthopyroxene,40-45 %% plagioclase and 5-109% Fe-T1 oxldes.

The zone Itself shows a mineralogical gradation at Its contacts with the
diabase. There Is no evidence of a stuctural break between the units Implyling
that the observed bleach zone (Plate 2) was originally an Intergral part of the
diabase, now Ks\é\verely altered. At the onset,the dlabase hasnbeen whitened by the
extraction of the Fe-T1 oxides and thelir oxidatlon to coarser.,granular sphene and
the near total conversion of pyr:)xenes to the flbrous amphlbol;: actinolite. The
texture of the alteration zone contrasts with that of the aphyric dlabase in that It
is coarser gralned and the original igneous textures appear to have been

completely obliterated.

’ R

Mineralogically the zone conslits of about 80% albite of a cloudy dark brow

colour which generally shows no twinning except for the ghost outlines of former

-

twins. -
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Overleaf: Plate 8. All bar scales 100um.

A. Amphibotite facles grade hydrothermal anorthite In metagabbro.

B. Rellct core of ortbopyr'oxene surrounded by chlorite. Exsolution lamellae of

clinopyroxene altered to actinolite.
C. Flbro'us actinolite + plagiocisse In gabbro.
D. Vermiform texture of amphibole in metagabbro.
E. Hydrothermal dlopside in rodlniltlzed gabbro.

F. Anorthite + hornblende in metagabbro.

Sphene, actinolite and relict clinopyroxenes constitute the rest of the rock.
The sphene is of a coarser graln size further away from the diabase and
commonly contains inclusions of llmenite surronded by coronas of leucoxene. The
zone, which 1s milky white In appearence due to the albite runs parallel to the
edge of the mesocratic dlabase and grades Into a clear white zone dominated by
plaglocla.se.‘qua.rtz and very coarse gralned radlating aggregates of epldote. The
plagloc‘las—e feldspar, of very coarse graln slze, Is determined by electron

microprobe to be pure (>98%) anorthite composition.

Interstitial to the plagioclase crystals are varylng aggregates of prehnlte,
epldote, quartz and calcite. The epldotes display zoning related to Fe-movement
(see plate 3).~ The epldotes are intergrown with plagioclase and prehnite. The
quartz occurrs as an equigranular mineral and contalns fluid Incluslons which

form the basis of a study included In this dissertation.

Of particular note s the occurrence of an epldote bearing alteration zone (see
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plate 9) obseérved deep in the ultramafle sequence of the of the complex In CY-4.
To be specific, the zone occurs in medium grey. medlum to very coarse gralned,
\cumu!ate - textured, ollvipe - bearing websterites which consist of 85%

clinopyroxene, 20-25% orthopyroxene and 10-15% ollvine.

Overleaf; Plate 9. All bar scales 100um.

A. Plagicclase + hornblende <+ orthopyroxene In metagabbro. Note

retrégrade actinolite developing In metagabbro.
B. Radlating clinozolsite + chlorite in ultramaflc alteration zone.

C. Relict orthopyroxene core. Exsolutlon lamellae of clinopyroxene altered to

- actlnoilte.

D. Rellet of labradorite In anorthite of amphibolite facles metagabbro.

—
-

E. (PPL) and F(XPOL). Andradite + retrograde prehnite from rodingitized

zone in metagabbro.

The alteration Zone, about 15¢m in drillcore, occurs at a depth of 1996.0m
(see ICRDG.1985) and has an apple green and light grey colour. It Is composed of
70-809% disseminated epidote. 'i‘he remalnder 8 composed of chlorlte, calclte and
minor sphene. Fracture planes dissecting the alteration zone are coated with a
veneer of black serpentine.

4.4. MINERAL CHEMISTRY

FELDSPARS.

All feldspars in the plutonic rocks of the Troodos ophlolite complex

encountered in this part of the study, by electron microprobe, are of the
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plagloclase serles and exhibit a marked compositional variation according to thelr
occurrence and extent of recrystallization. Analyses are presented In appendlx
Al10 and All. The Ilgneous composition of the plagioclase occurring Ila the
dlabase and gabbro is domlnantly labradorite(An50-80) which displays albite and
carlsbad twinning and occurs In euhedral to subhedral lath form. Zoning is not
common and hydrothermal alteratlon has produced a varlation In the composition
of the feldspars and Its principal effect has been a shift In the plagiclase

composition to more sodlc values, producing albite (An0.5-2.0) and ollgoclase in
the altered tocks.

Overleaf: Plate 10. All bar scales 100pm. >

\\
. - v
A. Clinozolsite + chlorite in ultramafic alteration zone at 2000m in- CY-4,
\ B. Chlorite + sphene in same zone as A.
\ . .
C. and D. Prehnite and carbonate of same zone which occurs In the
. websterites. ' -
L]
<3 y -
. E. Plagloclase + chlorite of 1sotropic metagabbro.. ]
§ ~
. F. Plagloclase + hornblende In metagabbro. Hornblende replaced by actinollte
: " In patches. . N
Incomplete albltizatlon is the more common form of Na-alteratlon and the
. . composition of the altered feldspars In the dykes and upper gabbros ranges
, Ang-17 in addition to the completely albitized feldspars (An content<5%). The

albite is present as part of an alteration assemblage that is comprised of albit,e +

B S PR o R

actinolite + chlorite + sphene. In the lsotropic gabbros the assemblage is albite
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) + horndlenhde + chlorite:+ epldote +/- sphene. Fig. 4.1 Jllustrates compositional

va.rlatlons for dlabase and zabbro pla.ziocla.se as well as for g slnzle dlabase

— -

sample(CY 006) which appears to show the eﬂ’ecta ‘of two different a.lzerat.lon

Increasing depth In the plutoanle eequence affects the chemical composition of

both the ignedus and ﬁ:etamo‘rphlc feldspars with .the Igneous feldspars ranging

. between An55-80 and the metamorphle feldspars ranging from the upper end of ‘

the labradorite range to Ango. Thu‘e very high Ca-feldspars occur with
magneslo-hornblendé and are also pr&ent ln'ca.lc-smcate alteration assemblages of
prehnlte + epldote/clinozolsite /e andradlt.e +/- dlopslde ln rodingitized
gabbros. Table 4.2 ulnstram the chemical composition of some of the Ca-rich
feldspars from the gabbros. lp zenera.i the compc;eltlon of the plagloda‘\n the
zabbrolc rocks Is closely related to the dulk roc} compasition. Trondhjemitic

gébbros occurring as small screens at-the base of the sheeted dykes are comprised

of albitlc plagloelase (An30-80) commonly Intergrown with quartz ‘and thus

. producing zraphlc textured rocks {plate 4). Albite also occurs as a'veln mlneral In

the dykes, and where the diabase is - of microporphyrltlc texture, the
mlcrophenocryits of plagloclase are predominantly albltes a.lt.houzh usually the

groundmass plagioclase is fresh and more calcié 'suuestlnz tMat In part.the

alteration has been a function of graln size.

a

CLINOPYROXENES. ' o,

>

.Electron mlcroprobe analyses of cllnopyroxenes rrom the pluwnlc rocks of the
Troodos ophlome are prmnbed ln appendlx Mz. Many of the snalysee repraent. LY
severnl sepu'ate gnlns from .the sam The gralns occur ag phenocrysu.

lnt.ergnnu.la.r aggregates, mna and cores (to ret.ron.de amphibolés). Thelr slmnar .

compositions lndlcate t.hat. only mlnor chemleal heamzenlety exét.s wlt.hln ‘l.he S
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area of a microprobe section. When plotted (fig. 4.2.), most of the clinopyroxenes
fall in the diopside - hedenbergite fleld, with some values plotting In the area of
augite composition. The cllnopyroxenes show only minor replacement of S! by Al
In tetrahedral sites, with the range being from 0.0 to 0.084 catlons per six
oxygens although moet analyses fall between—6.& and 0.020 {latlons. The
clinopyroxenes are characterized by evenly low Ti1 abundance with the average
analysls for Tl ranging 0.0 to 0.1 wt.%p, although up to 0.7 wt.% s recorded. The

low T1 content appears to reflect Igneous phenomena rather than later

‘metamorphic events. The Ca contents of the clinopyroxenes are high and occupy

the range Wo042-53. Most of the analysed pyroxenes (see appendix) have a Cs
content. in the range Wo45-51 corresponding to dlopside-salite composition.
Several workers (e.g. KUSHIRO,1960;LE BAS,1862) have suggested the use of
clinopyroxene mineral chemistry to clagsify rocks of basaltlc composition and In
particujar to distinguish tholelitlc from alkallne rocks on the basis of Al and T

present In clinopyroxene.

CAMPBELL and NOLAN (1974) polnt out however, that silica actlvity In

the melt as well as the act.uq crystallization conditions play an Important role in
the partitioning of Al and T1 into clinopyroxenes so much 8o that the Al and T
contents of clinopyroxenes alone may not always lead to an accurate classification
of the basaltic rocks in question. In the present case, the common ‘occurrence of
exsolution textures in the clinopyroxenes, high Ca and low Tl abundances as well

as the Si/Al relations (Mg.4.2) &1l suggest the tholelitic nature of the host rocks.

AMPHIBOLES.

’

Amphiboles are the chlef alteration product of pyroxenes and range {n colour
from colourless through greén to brown and exhiblt a varlety of textures, lhough

most are flbrous (pistes 5.6). The amphiboles replace clinopyroxene and minos

—~—

-
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olivine.  They are assoclated with ~ alblte, anorthlte, Jabradorite,
- epldote/clinozolsite, prehnite and sphene. In many lnsta}gm amphibole is the only
metamorphic mineral developed and occurs within the ls\ths of former pyroxenes
so that over all lgneous textures are more or less retalned. Amphlbole
classification Is based on crystal chemlistry as optical and physical determinative
properties cannot differentliate unamblguousb‘/ betwegn different members of the
group{LEAKE, 1978). Troodos Ophlolite amphiboles have (Ca+Na)B>1.34 and

Na.B<O.67 and have Ca.B>1.34 in the amphlbale formulas where B rep'resents the

tetrahedral M4 site In the standard formula: .

ANBQCWSTWSOQQ(OH.F.CI]? and éan thus be classified as belonging to the

® calcic amphibole group (see appendix Al4). Within th® ‘group. further

- ams o -

classification is possible on t.hg basis of T1 and S! content, and on the Mg/(Mg +
Fe'“’) ra‘tlo. Since electron microprobe analysis does not differentlate between
Fe?* and Total Fe, the problem of the partial analysis has been solved following
the method of LEAKE(1978) who reccomends calculation of the number of lons

on the basls of 23 oxygens followed by adjustment of the total catlons, excluding

(Ca+NA+K) to 5+8=13 by varying the Fe?*/Fe’* ratio. Pursult of this
- ‘ procedure classifies the dlabase dyke amphiboles as being actinolites primarlly
(ﬂz.4.3)~ with minor actinolitic hornblendes while the plutonic amphlboles occopy
a wider compositional range that Includes that of the diabase amphiboles and
extends Into the fleld 6! ma.gnmlo-hornblendm. It thus appears that the
amphibole compositions of the ophlolite clearly diatinguish the extent of
metamorphism in the diabase dykes and gabbros, for while the dlabases have

been subjected to greenschist facles P.T.conditlons, fig.4.4 shows that the gabbros

have been subjected to greenschist as well as amphibolite facles conditions.

e

asiant .

CHLORITE.

2a.
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Chlorlite Is primarily an alteratlon product of pyroxenes in the rocks studied.
It is also a replacement product of Ca-amphiboles -with which 1t 1s sometimes
Intergrown. As an sgiteration product it s observed In the dlabase dykes, isotrople
gabbros, layered gabbros and peridotites as irregular fine gralned aggregates as
well as In velns as massive aggregates usually occurring together with albite and

quartz.

A classification of chlorites analysed in this study and based on the
assumption that all the iron present is divalent (f1g.4.4) shows a composlitional
variatlon with no apparent trend ranging between ripldolite, pycnochlorite and
clinochlore with minor tale and diabanite. Such differences In composition may
be due to dlrrgences In bulk rock composition, metamorphic intensity and degree
of recrystallization. Bulk rock composition and the composition of the precursor
assemblage appear to be the maln controls of chlorite composition. Thus the
chemical composition Qf chlorite developed from pyroxene and amphibole varles

In composition although closely assoclated In space.
EPIDOTE/CLINOZOISITE.

Epldote/cllnozolsite mineral analyses are llsted In appendix Al168. . This
mineral group Is sporadically encountered In the dlabase dykes, but s found
mostly In the gabbros as part of the assemblage albite + chlorite + epldote +
sphene + hornblende. In one instance the mineral group has been observed in the
layered ultramafics. The group In general Is of patchy occurrence and epldotes are
commmonly zoned (plate 3 ). Minerals commonly associated with this group in
the dlabaqe and metagabbros are quartz and sodic plaglocla#e_ and prehnite which
is anlat.e retrograde phase. Where present, they comprise a very minor percentage
of the alteration asaeml;lage except In quartz/epldote alteration zones where they

constltuié uﬁ to 10% of the assemblage. An observed alteration zone In the

<
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websterites Is composed of about 80% epldote/ciinozolsite and chlorite + calclte.
The mineral group Is an alteratlon proguct from the breakdown of plagloclase
and cllnopyroxenes. The common forms a;e stubby prismatic crystals and spongy
radiating aggregates. Zoning Is common and the cores have a8 higher Fe content
than the fringes. Flg.4.5 shows the major substitution of Fe203 for A1203 and
indicates the range in composition which Is also reflected In the varying degree of
birefringence of the ;nlnerals. Most epldotes show a: high birefringence,suggestive

of high Fe3* content.
PREHNITE.

Prehnite 1s not a common secondary mineral In the Troodos Complex, but Is
present as a late stage alteration product of zeolites and Ca-plagloclase. It occurs
as crystal aggregates.in patchwork form and as a veln mineral. Bow-tle structure
(plate™ 8) Is common, though the usual form |!s anhedral .prehnite with
characteristic clear bright 2nd order Interference colours. Analyses are presented
in apppéndlx A17. Variations of Fe3*-AlY7 in the octahedral sites are presented in
Ng.4.8. Fe* shows a continuous varlation for AI** corresponding to Fe,O,
ranging from 0.0 to 3.89%. The high Fe content of some of the analysed
prehnites i1s reminiscent of the findings of KUNIYOSHI and LIOU(1978) who
report that prehnites in low grade metabasaltlc rocks commonly contaln*.an

appreclable amodnt of Fe®*. SPHENE.

Sphene 18 a common alteration mineral in metamorphosed Troodos rocks,
occurﬂriﬁ In both greenschist facles rocks as well as amphlbollite facles rocks,and
the common_form of occurrence Is as cloudy aggregates In close assoclaitlon with
opaque phases, Ca-amphiboles and chlorite. A plot of Al-T1-Fe varlation (fig. 4.7)
Indicates very limited substitutlon of T1 by Al and Fe and the analyses plot
across the amphibolite facles fleld of SMITH(1970).Analyses are presented In

appendix XII.
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Amphibolite Facies
Fig. 4.7. Plot of sphene ‘analyses from the Troodos
ophiolite. ETOS represents sphene compositions from
the East Taiwan Ophiolite after LIOU and ERNST, 1979;
Amphibolite facies field after SMITH, 1970.




-

-

. mtire o

FAP W n A n W v amame Sa s

o cmmr—n

ELY

65

ANDRADITE.

Y
»

.- Andradite is the only garnet encountered In the rocks studled. It occurs only
in the rodingitized gabbros where It Is assoclated with anorthlte + dlopside +
prehnite. Preknite commonly occurs i'eplaclnz the andradlte. Representative
analyses are presented In appendlx XII. Petrographlc evidence suggests that most

of the andradite Is a replacement product of primary pyroxene.
ZEOLITES. |

Ca-zeolltes are present 1n all rock units-of the Troodos Complex as veins and
Interstitial fill in breccia and shear zones. They comprise approximately 80% of

all the veln minerals present, and are commonly assoclated with late calcite and

anhydrite. The Ca-zeolite present Is laumontite (about 95%). Other phases.

present In minor amounts are stllbite, thomsonite, snalcime and heulandite.

Analyses are presented In appendix A20. The nature of occurrence of the zeolltes

-

suggests that In the maln, they are the products. together with calelte and

anhydrite, of late stage hydrothermal actlvity; l.e. they'represe:nt. the terminal

L4

. stages of the actlvity responsible }or the metamorphism of the host rocks.

4.5. MET‘AMORPHISM ;

The submarine extrusion of plllow lavas and flows and the injectlon of
diabase dykes at Troodos was followed by cooling dominated by the mass transfer
of seawater through oceanlc crust. The process has led to seawater - basalt
reactions that have altered the mineralogy and chemistry of these former ocean
floor rocks. At the low temperature high water/rock ratio seawater/seafloor
Interface,the roéks equlllbrat.eq with ocean water and became oxidized and
hydrated forming milnerals of t:he zeolite facles, primarily by the replacement of

plagloclase via reactlons such as:

[y S
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Ca.AlgSle8 + SHQO = CW,S!QOS.SHQO
Ca-plagiociase + water = thomsonite

CaAl228

-—

Ca-plagloclase + quartz + water = laumontite

$1,0, + 25102+m20 = CaAl?S'l‘Om.-ﬂ-Ia.O

The padagonitization of glass, the partlal 'replacement. of th'{tgneous minerals
o by K-Mg smectites and the oxidatlon of ferrous oxides are all part of’this low

-

temperature process. .

In a recent study, GILLIS and ROBINSON (1085) examined the low
temperature alteration of ‘the extruslve sequence at Troodos and repdrt. non-
pervasive zeolite ('a.clea grade meétamorphlsm with the characteristlc minerals

analcime +- phillipsite + natrolite + chabazite ,+ mordenite + calclte +

laumontlte.. . ' . '

LOU(1929) reports that the basaltic rocks of the fragmented East Talwan
ophlolite have been subjected to oceanfloor zeollte facles metamorphism and that
depending on the bulk composition and mode of occurrence, various mineral
assemblages occur.The best deflned of these assemblages are: thomsonfte +
analcime + chabazlte; pumpellyite + chlorite + laumontite in veins of the plllow
cores;and pum;l)ellylte' + chlorite + K-feldspar; pumpellyite + laumontite +

thomsonite; and Fe-rich ;;rehnlt.é + hematite in veins of the pillow matrices.

/

Other workers (e.g. AUMENTO ET. AL.,1971 ; MIYASHIRO ET. AL.1971
ALT ET. AL.,1986) report the -presence of analcite , stilbite , heulandite ,
natrolite and mixed layer chiorite - smectites from metabasalts dredged from

- . g

active oceanlc ridges.
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The diagnostlc minerals of the szeolite facles identified In the current .stu'dv
from lat;e stage alteration at Troodos In the lower diabase dykes and gabbros are-
laumontite + stilbite + calcite +/- anhydrite. Since laumontite forms at a higher
temperature than most zeolites (COOMBS ET.AL..IOSQ)’ and considering the
nature of zeolites In the upper par} of the Troodos stratigraphy (e.g.GILLIS and
ROBINSON,1985) the presence of laumontite In the lower diabase and gabbroe
Indlcates that retrograde seolite facles metamorphism in the Troodos hyperbssal
and plutonle rocks took piace at a higher temperature thui the metamorphism

that prevalled just beneath the ocean crust / seawater interface.

The current study reports that the diabase dykes and isotropic gabbros have
been altered to greenschist facles and epidote - amphibolite grade assemblages,

and the upper layered gabbros to amphibolite facles grade assemblages.

Locally, alteration extends Into the ultramaflc sequence causing extenslvé.
serpentinisation and In places, epldotizdtion. The minerals characteristic of the
grum facies In the \dykes are alblte + actinolite + chlorite. Igneous
labradorite has been transformed to alblte by an exchange of sodlum tn the

seawater for the calclum in the plagioclase: S RN

+ P '
2Na +Ca.Al,S|,O.+4SlO,—Ca +2Na.AlS|30&

Veln albite present In t{:e diabase may be a replacement product of zeolites

via reactions such as

analcite + quarts = albite + H,O

actinolite (Ca,(Mg.Fel*), |81, o;](on.r' cy, . and chiorite
(M(,A] Fe’t Fo"”) ,(SI.AI)' w(Ol-I)" a®e hydntlon products of mzltlc pyroxene
(Cs.Na.Mg.l-‘e"*.Mn Fe"",Al.Tl),[(Sl.Al),OJ and may be formed uslnc the calcle
comporeg t of the plagiociase by reactions or the type:




A -
10Ca(Mg.Fe)S1,0, + CaAlL SO, + SH,0

augite pyrgxene + sqon.hlt.e + water = \uct.ln_ollu <+ chiorite.
= Ca,(Mg.Fe)(S1,0,(OH), + Mg,Fe) ALSIO, (OH), + 9CsO + 11SI0,

_The znza:ext abund;mcg of actinolite relst.lvem chlorite In these rocks suggests -

- \ ,’
that the former may be formiing at the expense of the latt_er‘by reactions of the
. ' -
1desHzed type :

5Mg.Fe),S1,0,(OH), '+ mCacbs + age';loz
chlqr’lt.e + calcite 4+ quartz = ' *
=6Ca,(Mg.Fe),$1,0,,(OH), R 12CO, + 14H,0 .

sctinolite + c.arbon dloxide + witer

where only the (Mg,Fe) component of (Mz.\.Al) chlorite - is utllized
(MUELLER and SAXENA.1977). '

HASHIMOTO,(1972) has shown that actinolite formatl

f‘CO2 conditions by tlie reactlf R

clinopyroxene

+ can also prdceed under h

| 5(CaMg)s1,0, + H,0 + 3CO, = . \ /

clinopyroxene + water + carbon dioxide = -~

i

-

Ca,Mg,S1,0,,(OH), + 3CaCO, + 2SI0,

actinolite + calcite 4+ quartz. B , *

Actinolite, ~eommpnly-'colourleaa to pale greem tf/ t.h/%moog; extensively

occurring of the greenschist grade metamorphic minerals. Elﬁdate/cllnozohlte

L Y1
J
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'gfoup minerals are present In small amounts 1n the diabase, and more abu.ndant
_In the lsotroplc metagabbros where they mi commonly naoc}ated with a -sman
amount of quartz. Minerals of this group occur in a wide range of mét\gmorphlc
enviroments from pt;ehnne - pumpellylte [acles grade rocks through to
&mphlboute.fadel rocks -
& . .

HME.Fe) AL S1LO,((OH), + 10CaCO; + fisio, =

chlqrite + calcite + quartz = .
s T
+ 3Ca,ALSILO, (OH) +
) 'eptdot.e +

" 3Ca,(Mg.Fe)S1,0,,(OH), + 10CO, + 8H,0

gqtln;_:ut.e + carhon dloxide + water

-

In the gabbrole rocks'examine}i. most epldote/clinozolsite Is a replacement

product c}f- the‘ydrothermal alteration of plagloclase feidspar with a commonly

\
observed t¢xgural feature being epldote occupylng the laths of former feldspars '

which are survived by rellet gralns It.x_;he ep(cfote. . \ .
. \ - -

The Tower temperature stabllity_limit of epldote has been estlmated at 220°
_+/1 88°C for P, of 1 - 6 kb and ai 300°C .at kKb (TOMASSON and
KR!S‘I'MANNSDOTTH! . 1972 ; SEKI . 1972). However. in an oxygenated

' envlroment 'hlgh f comnderably decreue- the temperature for - the flIrst

. \
nppeuence of .epldou md the mlneral has been observed In metaba.salts of
- . .
prehnlt.e pumpenylt.e fules (LIOU 1973). ) \ a
. et
. . - :

AL Treodos, as noted previeusly, ep!dot,e/cllnozolalee ls not a commen

dl.ertt.lon mlmn.l de-nlt.e t.he‘drly hlgh oxyun r\mclt.y expected under aeawnl.er

- ' : . >
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dominated cohdltlon;. This may be a result of the low pressure conditions

prevailing during metamorphism as suggested by MIYASHIRO(1971) who alsc

[}
notes a paucity of epidote group minerals in dredged ocean floor rocks. The

elimination of epldote at low fluld pressures(2Kb an) via the preaction:
Epidote[Ps33] = N
Gnndue- +.Anorthite + FeO‘ + Quartz + fluld

has been suggested at 670 +/- 40°C by FYFE(1960), 620°C by WINKLER

- and NITSCH(1963), 630°C by STRENS(1966), 620°C by LOOMIS(1966) and 845°

C by HOLDAWAY(1967,1972).

LIOU(1973) shows th“ fo - T locatlon of the reaction crosses the
2

Cu-CuQO buffer curve at 880 +/- 10°C at 3kb and 752 +/- 10°C at 5kb Poug:

The Fe,O, - Fe,O, buffer curve is crossed at 635 +/- 5°C at 2kb , 678 +/- 5°C

()
at 3kb and 748 +/- 5°C az}m P

‘A chlorite decreasing reactlon lnvolvln'g, epldote for low pressure

metamorphism of basaltlc rocks expressed by:
albite + epldote + chloriteg+ quartz =

oligoclase + tahermakite + FeaO‘ + HQO

. has been shown by LIOU,KUNIYOSHI and ITO (1974) to occu; at pressures
be}q\" about: 3kb and at temperatures lower than the chlorite .ellmlnatlng

reaction:

.;hlgrlu + sphene + quart® + actinolite = Al-amphibole + limenite + H,b
' - .

) - . , o’

. . -
where the chiorite component breaks down at 850°C at 5kb. Pm‘.na

¢
-
L] - ‘e .
-
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(575°C/7kb) with oxygen fugacity set at the NNO buffer. Over the same
temperature range in the chlorite elimlnating reaction. the same workers note a
rapld increase In the Al and T! content of existing amphiboles - essentlally a

transition from actinolite to hornblende. : .

L

Troodos metagabbros affected by amphibolite facles meiamorphlsm are
characterized by the presence of anorthitic plagioclaée (An 70+) and hornblende
amphibole. The hornblende s a replacement of pyi’oxene and It may be produced
By reactions of the type: Y 4 )

3(MgFe)SIO; + 3CaALSIO, + H.O =

orthopyroxene + plagioclase + water =

Ctn(Ma.l“e)3.‘\12(1\12516)OQ_I(OH')2 + SlO2 ' \
4
hornblende + quartz
and also:
Ca.(Mz.Fe)Sl}O& +J(M3.Fe)5103 + 21\'&!\151308 + ' >
Y N

clinopyroxene + ogthopyroxene + plagloclase

CaALS!,0, + 2H,0 = 2CaNa(Mg.Fe) (AL S1,)O,, (OH), + 5SI0,

plagioclase + water = hornblende + quartz.

‘ »
while anorthite may be derived from epldote by a reaction of the form:

.?C\,j\lsSl:O.,(OH) + Mg ALSLO (OH)y + 4810, = o

epidote + chlorite + quarts j=

-

-
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4CW2§1208 + 5MgSIO4 + SH,O

anorthite + enstatite + water.
(MUELLER and SAXENA ,1977).

Sporadic prehnite in these metagabbros appears to be a retrograde feature
Involving the breakdown of anorthite In whose Interstices the prehnite commonly
occurs. The occurrence of prehnite in veins may be due to the dehydration of

laumontite via reactions of the sort:
cw251 4012.4H20 = Ca,AJ,SlaOm(OI*{)2 -

laumontlite = prehnite + Al-sllicates + water

~

(COOMBS ET.Al,1958.)

Troodos rodingitized gabbros,occurring as small #atches In the lower gabbros,

are characterized by the calclc assemblage prehnite + epldote/clinozolsite ) +
... Sopside +/- actinolite +7- calcite + andradite. + magnetite +/- quartz. ’f‘he
presence of apdiadlte. elpldot.'e. magnetite and Fe - rich prehnite Indicates that the

" hydrothermal flulds were locally rich In lron. .

Rellct actinolites are observed (by electron mlcroprobe analysis) in the centre
of dlopsides. This shows that the diopside is a replacement of Ca-amphibeles

probably by a dehydratlo'n reaction of the form:

810, + CaaMg!{Sl'O”(OH)z + 3CaCO, =

PV g 3

5CaMgS1,0, + 3CO, + H,0

~—

« . or eise by Ca addTlion via Ca metasomatism.

. .

[ CUGRTR PSP
Nl




i Andradite 1s the only garnet mineral observed In the Troodos ophlolite rocks
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In this study,and apparently occurs only In the rodingitized portlons of the
gabbro. The presence of andradite may be a result of the reactlon of calclte,a

mineral also noted In the rodingitized rocka with Fe - bearing phases Including

excess iron from the alteration of actinolite to dlopside by a reaction such as:
\

3CaCO, + Fe,0, + 3510, = Ca;Fe,S1,0,, + 3CO,

(DEER. HOWIE and ZUSSMAN;1966).

/

Petrographlc evidence suggests, however, that most of the andradite is 4
replacement product of primary pyroxene, and the assoclation of quartz and Fe-

oxldes with andradite suggests that a reactlon of the following kind may have
taken place: : \\1

9Ca(Fe.M¢)Slzos + 6.502 = 3Ca31i‘e2813012 +

: N .

clinopyroxene + oxygen = andradite + quartz + magnetite

Fe,O, + 9MgO _ . \

The experimental worl.( of KURSHAKOVA (19';'1) Indicates that the ~
]

formation of andradite is favored by an Increase In oxygen fugacity at constant P

and T.

The common form of the andradite observed In Lhe rodltigluzed rocks shows
It ls crise-crossed by fractures and that the fractures are mostly fllled with Fe
bearing prehnite. \ '

Troodoo ophlolite peridotites iuve been - subjected to extensive
serpemlglutloi:. The metamorphic mineral assembisge of the peridotites is
mostly antigorite + lsardite (minor) +‘chrynocuo (minor) + tsic + chlorite +

calcite. . . ~ ' .
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Late stage velng of laumontite, calcite and prehnite are also present. In one
Instance, epldote/clinozolsite is also prmgt in an alteration zone assoclated with
caleite + chlorite In close proximity to i';r'racture plane coated with a veneer of
antigorite. The sassemblage occurs In Al deficlent websterites (at 1896.0m |In
CY-4) and must imply that the hydrothermal flulds responsible for the- alteratlon
s'ssembla.ge transported Al**.an element usually thought of as being immobile
under low to medium metamorphie conditlons. ‘

&
Continued hydrothermal.activity at Troodos at a lower geothermal gradient

than that pertalning to the malx; metamorphic eplsode has resulted In retrograde
zeolite facles grade metamorphism in the diabase dykes and upper gabbros and
prehnite - pumpellyite racle? metamorphism In the lower gabbros. The effects of
the metamorphism (l.e.develdpment of retrograde minerals) is essentially confined

to fracture walls, shear zone gangue and other fluld pathway sites. This s

indicative of the hydrothermal nature of the alteration. Laumontite Is the chlef

hydrothermal mineral with minor calclte and anhydrite of the zeollte ra_clw In the

dykes and gabbros. Prehnlte - pumpellyite grade metamorphism Is represented by
> }
- \
prehnite + chlorite + calcite. Reactlons transtitional to this facles include:
: }
laumontite + calclte = prehnite + SlO2 + SHQO + CO2

and’

. N
2laumontite = prehnite +’pyrophyllne + StO2 + 6H20

-

(COOMBS ET. AL..1959).

L2 Y g
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4.6. METAMORPHISM AT AYIOS IOANNIS PITSILIA
A m}nenllzed area of Fe - stalned, rust coloured gabbros covering an area of
about 3 km? on the outskirts of Aylos loannls village in the Pitsilla district of

central Cyprus was investigated as a part of this study.

In the ophioclite sequence, the zone occurs about lkm below the base of the
sheeted dyke/gabbro transition,well within the Isotropic gabbros. The Fe -
staining of the Xrea Is due to mineralization centered around several massive NE

trending,near vertical to vertical quartz - sulphide velns that form ridges on the

\hlllsldes and crop out for over 500m.

R(eccohnalsa.nce work by the Cy‘pru.s Geologlcal Survey
(CONSTANTINOU,1973) Indlcates that the mineralization at Aylos Iloannis
consists of Cu and Fe sulphideg (pyrite, chalcopyrite, pyrrhotite) as well as NI,
Co, Au(up to 100ppm)., and Ag(up ﬁ) 20ppm). The velns have been mined in

antiquity, presumably at least by the Romans, as adits into the hillsides attest.

3 major veins outcﬂ)p In the area; the velns have an average aperture of 0.5m
and are roughly parallel to each other. They consist of vuggy quartz with well
formed coarse grained crystals up to 0.10m lorig. patches of sulpldes of Cu and

Fe, and xenoliths up to 0.5m long of very fine gralned chloritic material.

Post quartz-sulphlde veln dlabase dykes are In contact with the quartz velns
In several parts of the outcrop. The isotroplc gabbros have been Mg-
metuomulzed‘ in 8 wide aureole~up to S00m on either side around the veins
causing the extensive development of chlorite. Other metamorphic minerals
developed In thé ares ire epldote, alblté and brown hornblende. I the gabbro
which 1s closest to the quartz veins, éhlorlte is absent and the mineralogy here is

albite + hornblende. The chiorite In this part of the gabbro appears to I}ave been

eliminated st high temperature by a reaction with the quartz of the sort:

PERR T Y NRORreraer s PAY
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-
chlorite + actinolite + epidote + quartz = hornblende + H,0

(coomBs ET.AL..1959).

'

The following tables present eleetron microprobe analyses performed by the
present writer from the metagabbro which constitutes the wallrock of one of the
<

quartz - sulphlde velns:
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Table 4.3. Amphibole from A.lcannls.

- 1 2 3 4 5 8
$10, 50.34 49.20 51.63 51.50 50.64 50.37
T10, 0.94 0.89 0.72 0.79 0.99 0.82
A10, 4.91 8.37 5.06 4.29 4.62 5.06
Fe0* 12.47 12.64 11.48 11.40 12.23 12.59
Mno 0.36 0.27 0.24 0.25 0.29 0.29
MgD 16.22 15.26 15.88 17.20 16.23 16.00
Cad 11.19 11.41 11.31 11.689 11.30 11.40
Na,0 1.10 1.14 0.72 0.64 1.00 0.890
K,0 0.29 /0.22 0.23 0.13 0.29 0.21
Total 97.82 97.45 97.24 97.80  97.59 97.63
NO.OF IONS ON THE BASIS 2’ 23(0,0H,F,C1)

s1 7.285 7.189 7.437  %.385 7.332 - 77297
Al 0.715 0.841 0.563 0.816  0.668 0.703
Al 0.123 0.2851 0.204 0.110  0.120 0.159
T 0.102  0.097 ° 0.078 0.085 0.108  0.089
Mg 3.499 3.309 3.406- 3.876 3.502  3.455
Fe 1.509 1.538 1.383 1.387 1.481 1.526
Mn 0.044  0.033 0.029 0.030 0.038 0.036
Ca 1.736 1.779 1,745 1.796 1.763 1.788 °
Na 0.309¢ 0.322 0.201 0.178 0.281 0.225
K 0.054 0.041 0.042  0.024 0.054 0.039
» Total Fe as Fe0 3

4

o
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Table 4.4 Plaglociase from A.loannls.

- 1 2 3 4 5 8

S10, 70.32 71.22 70.89 68.45 68.80 68.18
Al,0, 21.19 20.20 20.17 22.63 20.72 20.48

Fe0 0.00 0.00 0.00 0.086 0.00 0.00

Mg0 0.00 0.00 0.00 0.00 0.00 0.00

Cad 0.98 0.10 p.43 1.30 - 1.45 1.38

Q Nl.2'0 8.22 8.59 9.34 8.55 7.88 10.79
- K0 0.02 0.00 0.00 0.04 0.01 0.02

Total 100.73  100.11 100.63 99.02 $8.84 100.83

NO.OF IONS ON THE BASIS OF 32(0)

s1 12.024 12.214 12.121 11.858 12.003 11.825

Al 4.2 4.082 4.081 4.619 4.260  4.188

Fe +  0.000. 0.000 0.000 0.000 0.000 0.000

Fe ,0.000 0.000 0.000 /~0.000 0.007 0.000

Mg <+ 0.000 0.000 0.000 0.000 0.000 0.000

Na 2.725 2.856 3.109  2.200 2.859' 3.828

Ca 0.180 0.018 0.079 . 0.241 0.271 0.253 o
K 0.004 0.000 0.000 0.009 0.002 O 04, - @
AB 93.88 99.38 97.52 89.79 90.688.. 9©3.38

AN . 6.17 = 0.84 2.48 9.85 9.24 6.50

K¢ OR 0.16 - 0.00 0.00 0.36 0.08 0.11

: R
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The metamorphlc assemblage present at Aylos Ioan;us.gmma Indlicates that

epldote - amphibolite f_aclea metamorphism occurred in the Isotroplc gabbros. The

et

_ 'masslve quartz veins are thus .most probably fossil remnants of the output

discharge condults of gaint hydrothermal convection cells of the type that are
responsible for massive sulphide ore formation higher up In the stratigraphy at

the original plllow lava/seawater Interface.

The presence of very coarse gralned Al-T1 rich hornblende (table4.3) Indlcates
that the discharge temperature of the hydrotbeyma.l flulds deep In the plutonic
sequence had attained temperatures in excess of 500°C. The chemical composition

of the fluld 1s constrained by the extensive chloritization (Mg - metasomatism) of

the gabbros which was accompanled by widespread albitization (table4.4) gr v

feldspars. Taken together, this Implicates eeawater.

The mlnerallzeci Quartz velns in the gabbros at Aylos loannls Pitsllia are thus

Important in that they are the fossll remnants of the focused dlscharge part of a

-

convective flow hydrothermal system, and situated deep In the plutonlc sequence

give a clear Indicatlon as to how deep seawater may convect into oceanle crust.

4.7. PHYSICAL CONDITIONS OF HYDROTHERMAL

- METAMORPHISM .

Zeollte, greenschlst, and amphibolite facles metamorphism has occurred In the

volcanic and igneous rocks of the Troodos ophlolite. The grade of metamorphism
Is directly related to rock position in the pseudo - stratigraphy correspdénding to

ey
 Increasing temperature of flulds with depth.

The metamorphism Is not pervasive and Is predominantly related to

' fractures, faults, shearzories, veins and otheér discontinuitles In the rock that were -

/utilized as fluld pathways by coavecting flulds. This feature.together with the
fact that the rocks have not developed sny foliation ang! that overall igneous

textures have been preserved characterizes the type of metamorphism at Troodos.

e g At 0+ et Wy
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The minimum temperatures for the development of zeolite facles
metamorphism, judging from diagnostic minerals,at ffuld pressures relevant to
deep ocean floor surfaces, are 170° to 280°C for laumontite at about 2Kb and

even less for other.Ca - zeollté.

Y

Laumontite Is only stable below 3kb; at higher fluid pressures it breaks down
to lawsonite + quartz + H,0 (LIOU,1971). At dedreased HQO- actlvities such as In
seawater,the observed zeolite minerals will occur stably at even lower P- T
conditions than those deduced from experiment; laumontite will form in a C02
bearfng fluid at 1Kb Py . and 260°C with a maximum mole fraction of CO, of
0.023(THOMPSON.19‘II). ‘The temperature ranz'e 100 - 300°C and pressures to a
ma.;dmum of 3kb has been suuest,ed‘ from observations qf t?urla.l metamorphlc
sequences and experiments (COOMBS ET. AL. . 19598). Furthermore, minimum
temperatures of formatlon for laumontite and prehnite have been estimated to be

about 50°C and 90°C, respectively (BOLES and COOMBS, 1975).

From the zeollte facies minerals present In the pillow ;lava' sequence at

Troodds (e.g.GILLIS and ROBINSON,1985) and other experimental and

~ observational data (e.¢. COOMBS ET.AL.,1959 ;LIOU, 1871 ;LIOU,1979 ;LIOU

and ERNST,1979) llt 1s concluded that the zeolite bearing volcanic rocks’at
Troodos were metamorphosed at temperatures between 50 and 100°C) and

pressures of up to 1.5kb. ' .

The development of- albite + actlnolite 4+ chlorite + sphene In t‘he
metadiabase and metagabbros at a &epth proceeding from 1km below the Inferred
seawater/eceanic crust Interface, and the présence of _Ca - ﬁlagloclase and

hornblende in deeber metagabbros indicates the advance of metamorphism to

amphibolite facles grade in the ophlolite sequence over an Interval of about 3km.
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NITSCH (1971) has shown experimentally that the assemblage actinolite +
chlorite + epidote 4+ quartz of the greenschist facles s stable ;t Leﬁperatum
above 350°C and P, .y 2kb. The assemblage albite + chiorite + epldote + sphene
+ hornblende Indicates the epldote - amphibolite fades which represents an

Intermediate zone assemblage between the greenschist and amphibolite facles. The

pre’eénée of such a transitional sone is. Indleative of very low pressure

metamorphism (LIOU ET. AL., 1974 ; KUNIYOSHI and LIOU, 1978). An
experimental st.udy of phase relations among greenschist, epldote - amphlbolite
and amphibolite assemblages by APTED and LIOU (1983) using natural basaltic
glass at 5§ and 7 Kb and and an oxygen fugacity determlned by hematlte—
magnetite and quartz - feldspar -.mnznet.lte buffers 'eoﬁnrtiis the existence of a
high pressure epldote - amphlbolite facles consisting of the a;semblage epldote +
hornblende + alblte + quartz +/-‘ Th-phase. The facles Is related at lower

temperatures,about 500°C , to the‘-greenschlst facles by a chlorite eliminating

'n'u:tloq and at higher temperatures to the amphibolite facies by an epidote

eliminating reaction.

A!. lower présaures of 2Kb LIOU ET.AL.(1974), uslng natural basalts as

total’
seedlng material and oxygen fugacity determlned by the QFM buffer, find that
the upper boundary for the greenschist assemblue alblte + epldote + chlorite +
actinolite 1s. locg&ed at 475°C and the Iower limits of the amphlibolite assemblage

Ca-plagloclase + hornblende at 550°C.

A -consldergtlon-or the above n{entloned experimenta} results and of the

. possible effects of vaﬂable oxygen ity and fluid pressure as ‘well as the buik

“‘composition leads the current. wrl to infer that Troodos hyperbasal and

plutonic rocks ‘were met;morphooed at umpentum between 300° - 000°C and

_total pressure up to 1.5kt¥ at a depth-of 1 - 3 km and over & geothermt! gndlent

of 150 - 250°C/km.- |

81
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. The last stage of the recrystallization of Troodos plutonic fodks occurred

832

under conditions of “zeclite and prehnite - pumpellylte facles grade® in. the
hyperbasal and plutonic portions respectively. This was primarily due to the
gradual relaxation of the geothermal gradient ss the ocean crust spread away

the ridge axis and as it lost hut due:to the effects of the nuldsmvectlng. '
Qh ugh it. This wahing stage o¢ hydrothermd sctivity is best. evident along

formher fluld pathways due to &e development of the veln memblue.s laumontite

+ calcite and prehnite .+ development. of veln ﬁmbluea of laumontlte <+ calclte
and prehnite + chlorite . Laumonuw replacement of dblte ln upp:: level’
shearzones and the presence of acunollte surronnd!ng homblende in metazabbrcs .

-

Is also support!ng evldence for this phenomenou -

. o

<~
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Chapter Five |
’ GEOCHEMISTRY .

5.1. WHOLE ROCK GEOCHEMISTRY
Major element oxides,the rare earth elements and the trace elements S, V. Cr,
Co. .\'1.. Cu, Zn, Ga, Rb, Sr, Y. Zr. Nb, Ba. U, Th. Au, Pb, B were determ!ned on oY

L}
samples representing lower sheeted dykes and gabbrolc rocks vla X-ray

fluorescence =analysis and spark source spectroscopy. The gre'aler part of the

analyses were performed in house at vWo by the present writer. Backup analyses.\l

4
were performed at X - ray assay laboratories in Don, Milils, Ontarl’o. In
\ oo .
addition.ferrous/ferrle Iron ratlos were determined by analysing fo{ Fes™ for

select samples using the method of WILSON(1955). The analytical methods

employed and the full results are presented In the appendix.

Of 88 samples analysed, 35 ’repres.en; various diabase and 45 represent all

e

gabbrbs encountered !ncluding rodingitized va.rletles. Fresh samples were selected

at a regylar interval whilst altered Tocks were sampled preferentially In ordgr to
. . ‘ot

be able to determine the nature of the alteration with increasing depth In the

ophlolite.-
5.2. MAJOR ELEMENTS - ]

Results obtained of major elements were plotted o‘n‘the various dlagrams that

~
>~

follow . to show relatlonships and trends more clearly than would be apparent
from the visual Inspectlon of the tables of chemlcak data. Normatlive
!

compositions have not been utilized as an Index of classification because of the

extenslve nature of hydrothermal activity that has affected most of the major

elements.

)

A chemlcal Index utllizing only the petrographlcally freshest of sam?es which

j‘. : ' 84 9
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plots Na,‘,'O + KQO vs. SlOg-m' wt. 9% classifies the roks as belng of tholelitlc
composition with a high concentration of SlOQ(ng.s.la). thus placing the majority

of samples in the Intermedlate fleld.

The trends of certaln major elements agalnst the volatlle content or LOI (loss
on Ignitlon) which is mostly the volatlle content (OH,CLLF.CO,) of secondary
hydrous minerals shows a broadly positive correlation for MgO and I\'azo and a

negative one for *CaO (fNg.5.1b,¢,d) Indicating that these élements have been

moblle during metamorphism.

This matches petrographic observations of the development of alblte from
calcle plagloclase and the alteratlon of pyroxenes to chlorita and amphlboles.
Fresh dlabase analysed has a LOI range of 0.1 - 0.8 wt.%% while altered dlabase
ranges 1.1 - 13.0 wt:% (see appendix) BEST(1982) glves an average volatlle

content (H,0+ , H20- .CO,) value of 2.3 wt. %% for fresh dlagbase.

Figs.5.1 and 5.2 shox;/ the trends of several major elements against MgO.
The plots emphasise the very low contents of MgO In both the dykes and the
gabbros.The broad ranges o'f SlOQ'.CaO and NgQQ' probably,indicate 'tht
alteration has affected even those rocks which appear to be petrographically fresh
while Al,O, variatlon may .be related to the differing plagloclase contents of the
various rocks. Figure 5.1. presents the following major element varlatlon
diagrams: A: Plot of Na,O + K,O vs. SIO, In wt.% for fresh dlabase. ALK =
alkaline feld, TH = tholelitic fleld. B:C:D: Trends of the major elg\ments
Mg0O,Ca0O and NaQO against volatile content(LOI)'of samples. Open clrcles

represent diabase. Squares{in B.) and trlangles(ln‘ C.D) represent gabbro samples.

E. SIO2 v/s MgO and A1203 v/s MgO.Squares represent dizbase dmples. .

Trlangles represent gabbros. te

- —
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Fig. 5.7, SC/‘ O whole rock profile for tne Troodos 100
orhiolite as observed in drillhole C¥-4,
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The plot of TlO,., vs. MgO shows very low contents of TlOc in all the dykes
and ga.bbros. Tpgé dyk¢s have a m;rglnally higher 'i‘lO2 content than thf: gabbrole
rocks. TIO, s restrlcted' betfeen 0.2 and 1.4 @t. €2 over'at ranﬂg‘:‘tn S10, or.46 to
64 wt. 2. That some of the dykes have an overall hlgr‘wr 'I‘lO,_, :ontent Indicates
the presence of more than one type of magma and thelr relatively higher
abundance of SlO,., when compafed to the gabbros Is consistent with this, [t is of
note that TlO,., Is considered an Immoblle element during low to medlum
tempe.rature metar'horphlc processes (PEIAR'CE AND CANN1871). K,O Is of low
abundance throughout the e;utL{e sequence. Values are Eommonly below the
detectlon limit of 0.0} wt.c% and reach a high of 0.2 wt.S¢ In the dlabase and 1.8
wt.“Z In the gabbrolec sequence. The la;ter figure I1s abnormally high considering
the range of values obptalned.fnd may be due to alter&tlon effects. Low K‘.,O
values are typleal .of tholelites (HYNDMAN,1985). Mass consideratiops of
seawater-basalt Interaetion (see HONNOREZ.19081 : THOMPSON,1883) show
that In the sub - oceanlc‘envlromem.lhg behaviour of K Is temperature dependent
and Initially In the low iemperature. htgp water/rock tatlo enviroment t'yplcﬁ! of
the upper few meters of oceanlc crust, K will be extracted out of seawater.wﬁ'ere
It Is at a concentration of 400ppm. and f1xed in phases such as K - rlct; smectite.
Figure 5.2. shows the following major element varlation dlagrams: -

A., B.. C.: Trends of the major elements .\'azo.CaO .and' TIO__, agalnst MgO 1if -
wt.2. Trlangles tepresent diabase analyses, open clr;les represe'r{t gabbro
samples. D. 'I‘IO2 v/s Sl(")2 wt. S5 for Troodos dlaba.se(dla‘monds) and gabbkos
‘(open circles). The situatlon s reversed during high temp;rature alteration In
‘. deeper parts of the oceanlc crust where K , Si , B and L1 are leached. from the

rock.bt;t niay be reprecipitated locally. Overall, the net effect of seawater - basalt

Interaction as regards K {s that the K content of oceanlc crust is Increased. The

low K values reported in this study seem to Indlcate that the element has been

. stripped from the dlabases’and gabbros of the‘ophlollte'.

-
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Qulte the opposite conclusion can be observed from the work of MOORES

' and VINE(1971) who report Kio values of up to 5 wt. % for presumably altered
-+ . . ’ .
basalts and trach'y'bis.&l.t dykeés from the top of the Troodos sequence.-s -

- L :‘
RAUTENSCHLIEN ET.AL.(3085) report K abundances averaging about

1500ppm from glass preserved In Troodos plllow lavas and flows.

[ ] .
"Ca0 shows a broad positlve correlation with LOI In the gabbrolc rocks.

Petrographle ﬁ'ork Indicates that this can primarlly be attributed to the

development of Ca-rich phases such as Ca-zeolites and amphiboles In

metamorphosed rocks which coex}st-f"wlth major amounts of chlorlte,

.

epldote/clinozolsite and prehnite. Where Intensive alteration has occurred, the
calclum metasomatism occurs togethet with sllica leaching. The end result is

commonly the development of rodlngl_ilzed gabbros. - .

L4 . .
)

» 9. . < : ' .
Fe®“was determined by the titration using the method of WILSON(18553).

~

The.resuits are 'presented In the appéndlx and Illustrated graphically In 1g.5.3.

” ‘
The ratio Fe""/FeO Total varles from 0.8(+/- 0.01 10) in fresh diabase to

0.6 In inciptent]y altered diabase., through to 0.4 In compl;tly al'tered dlabase.
This corresponds to progressive trefds of increasing alteratign_ with proximity to
the original ocean floor and codfirms that the alteration observed is_primarlly an

oxldatlon process.

.

Figure 5.3 preSents the Terrlc/ferrous data in graphic form: FeO wt. €C vs,

- Fe’®/FeO
¢!

. arcles). fresh gabbro (open trlangles) and metagabbro{open circles).

Towu WU6 for Troodos diabase (Mlled triangles) matadliabase(flIe

o

. . [ M N ) 4 . - ’
- The Sy@ld bar at 0.7 Fe® /FgOTnnl wt. ¢ represents average value for

" Igneous mafc rocks (after HY NDMAN.1985).
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Some altered gabbros have rot been oxldized ; Yhis indicates that they

" probably Interacted with reducing rather than oxldlslrig flulds Fresh maflc rocks

have an average Fe2°/FeO Total ratio of _0.7([»{\'.\'0;\1.&\'.19853. In general.

oxidation-reduction processes i, most rocks will nol occur unless subjected to

7/

h\gh water/rock conditlons ("E‘LGES‘I‘ER.I%QL
5.3. TRACE ELEMENTS

Ev.ex'\.though Trdodos rocks are not t-yplcal Mid - Ocean Ridge type rocks see
ROBINSON ET. AL.. 1883), a comparison betwedn them and MOR rocks s -
useful In as far as thelr %lteratlon ag‘eocﬁemlstry may be able to characterize the

maln trends of what is essentlally simllar cooling histortes.

A comparision between trace ¢lement data obtained In thls study and trace

-

element abundances In basalts from the mid-ocean ridges (see HAWKESWORTH.

-y

1881) reveals fluctuations, dev!atlons and similarlties ;caused by a varlety of

factors:
\

In hydro‘thermally altered diabase dykes and gabbro, the abundance of Sr

shows de varlation (fig.5.4) which- has a median equivalent to.mlg-ocean ridge
bas&ll (MORB) of 90 ppr'n.A Ap;rt from the fact that calclic plagloclase s a major
constituent of basaltic rocks (thus allowing a large number of sltes into Whlch Sr
can enle‘r with a low poténtial energy) the data appears to reflect the variation In
plagioclase content among the varlous rock types as well as the 1nnuence. of
seawater Sr. The exaclt Infuence of Lhese'varlous factors is Indeterminate as the
data obtalned shows a roughly normal distributlon about the ﬁverage for MORB.

-

What appears certain Is that Sr Is very mobile In this enviroment and has

undergone extensive redistributlon.

.

A previous trace element study of Troodos plilow lavu~and flows by

GUILLEMOT AND NESTEROFF(1980) glves gn average Sr content of about
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. 500ppm. This indicates an Increase of five fold In Sr content in the extrusive part

of the ophlolite. However, the Rb content shows a large vartation éo a maximum
of 20 ppm sas comp:red to an average MORB value of 1 ppm. This major
; difference in abundance of two elements whose geochemlcal! behavior Is In ;7105t
cases identlcal s clear evidence of the genetic difference between the two rocks
types l.e. Troodos rocks, although complete with a Sheeted Complex, were *not

formed at a major ocean ridge. .

Several workers (e.g. AUMENTO,1979) h.ave shown that U s en‘rlched In
alter‘ed"oceanlc crust relatlve to the pristine unaltered magmatlc state and that
some of the‘ most alt;red varletles of octan crust have values typical of granites,
about 5 ppm. In the present study, U has been found to range between <0.1 ppm
- 0:3 ppm. Since the value of U has beeg clearly shown to increase with age
whenever massive seawater Influx occurs for basalts (MITCHELL and
AUMENTO,1977) with values reaching 1 ppm In the most altered samples 2\t

large distandes from the Mid - Oceahlc Rlidges, the case can be made that the

abundance data of U at Troodos Indicates that the ophlolite was obducted or
exposed at a site only 10's of km away from Its Inciplent spreading centre. Thts ‘

observatlon s compatlble with the velw of other workers (e.g.ROBINSON

é:T.AL..lQSS ; RAUTéNSCLEIN ET.AL.,1985) who, from the glass chemistry-of
~ the different plllow lavas, show that the formational environfent of the ophlolite

was a small spreadlng centre In a supra subductlon zone enviroment.

The abunda.nces and ratlos of certaln alt.er‘atlon' insensitlve elements may be
diagnostie of' the tectonlc site of magma genesis (RAUTENSCHLEIN ET.
AL.,1985). Fox: example, Zr and Y are among a small number of High Fleld
Strength elements not readily affected by low grade metamorphlsm and hence

may be used to deduce the tectonic enviroment of formatlon of rock sultes whose

LX)
< sl

N
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geochemlstry would other wlse be suspect because_ of mel.amorphlsm and
metasomatism. In trx.e case of Zr and Y. the varlation In 2t/Y ls characteristic of
magma source reglo;ls in the lower crust and upper manile while the Zr content
reflects the concentration in the source rocks as well as the degree of partial
meiting and fractional crystallization. )
In the current study, a plot of Zr/Y vs. Zr {f1g.5.5) for diabase dyke data reveals
a distribution of polnts In both Islandsarc basalt and MORB felds l.e. ylelding
equivocs! data as to the formational enviroment of Troodos. This finding Is of
significance lﬁ the light of othe} geochem!ical work at Troodos !see for example
RAUTENSCHLEIN ET. AL., 1983).
Unequivocal trace element data case for the.!nteiactlon of seawater with the
rocks studled comes from the abundances In sclect samples of B and Cl (table 3.2)
which are vnrlchéd In secawater with respect to oceanic mafic rc;pks.

Table 3.2.Boron abundance for select dlabase/d) and gabbro(g) from the

Treodos Ophlo‘m& .
\

F,nmp!e# Rock type B(ppm)
CY130 d - 30
Y024 g 30
CY030 ’ g r 20
cYo3s . e g - . 20
¢ [ ]

Cyoes - g 20
CY0:6 g - 20 ‘
CY093 I 20
CYo098 . £ 20
Y108 _ ‘ g | ‘ 20
cYto7 - (A - 20




Zr ppm

Fig. 5.5. Flot of Zr/Y vs. Zr for Troodos ophiolite
dlaoase dykes. A represents field of ”ontlnental

Basalts, 3 represents sield of ~id Ccean Riage Be:alts
-yn1le C represents field of Island Arc 5wsalts.
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- 'Table $.2.Boron aQundance fdr select dlabase(d) and gabbro(g) from the

Troodos Ophlolite.

-

. Sample# - Rock type ' B(ppm)
. N re
© - CY130 - o~ 4 30
- L\ . .
. - CY024 . g 30
+ TY030 ' 8 ' ’ 20
\ L]
CYo39 g 20
CYoes: - ‘g 20 :
- CcYQre . 4 20
“+ CY083. , & g ' 20
) CY08s ‘g , 20
CY108 _— g ¥ 2q
Y107 £ » ' 20\

. . . ° - . T . i o .
On gverage.the rocks have been enriched about 10 fold from lgreous values of #

. for gsbbfos_.and 2.7 ppm for basalls (FAIRBRIDGE.IQ??). Cl

abundances (see .appendix ) a\erage 500 ppm a value rebresemlng a 5 fold

.

enrlchment over the Igneous \alue of 180 ppm (FAIRBR!DGE 1872) which ftself ~

. Id

may alresd) lndlcate com.amlnatlon

5. 4 STRONTIUM ISOTOPE GEOCHEMISTRY
Twenty’ sampla represent,atlve of -the rock sulte had thelr “GS:r/”Sr ratios

. . ) .

determined by t.hermzl. lonhizatlon spectrometry and these were used as
' . »

peétrogenetic indi¢ators and alteratlon tracers (table 5.3):

.’
-
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- .
:I‘ab,le 5.3. Present day 86Sr/“Sr ratlos for Troodos rocks.
N - _,
Sample # Depth(m) Rb (ppm) Sr (ppm) 86sr/87sr
CY292(d) 20.8 2 100 0.70526+/-3
c251 (mg) 279.8 8 120 0.70492+/-3
Cri18(ag)  983.8 10 90 0.70444+/-2
CY109(g) - 1036.0 5 30 Q.7053+/-2
CY012(ag)  1115.5 .15 9Q 0.70560+/-5
CY030%g) 1245.3 s 100 - 0.7051+/-5
CYo39(ag)  1313.8 5 208 0.70583+/-1
CY042(ag)  1347.3 2 35 0.70513+/-6
CY057 (ag) 1470.6 10 180 0.7082+/-1
CYOS9(sg)  ‘#478.5 5.. 30 0.70594+/-3
CY084 (g) 1503.1 1 " 20 0.7053+/-3 )
CY066 (g) 1536.7 5 20 0.70536+/-5 .
CYB61(sg)  1550.0 3 100 0.7056+/-5 . s
CYO73(ag)  1618.4 5 .90 0.7059+/-3 N
CYoB4 (sg) 1708.3 10 100 0.70546+/-2" ..° ..
AT CYos9(sp)  1742.7 5 - 100 0.7149+/-3
- CYO99(sp)  1808.9 3 50 ., 0.7043+/-S
CYB70(sp) 1977.2\\\\ 1 . 10 0.7062+/-3
CYB8O (sp) 1981.3 2 16 0.7054+/-3"

sl

d = dlabase; mg = mi_crogabbro; a = altered: g = gabbro; s = serpentinized. p

-

= ultramaflc rock. . . 3

. The use of Sr isotopes as natural trac’ers in !eblozlcal processes Stm\

‘ R‘b - Sr geochronology, and the use 6r Sr as a petrogenetic dicator is, faclliiated

by Its having four stable lSOlc;pés. .sa'R'Sr,,

with flxed\“relative abuh&ances of
2

» 0. 05’% for ’"Sr 9.75% for N’Sr 8. 96‘" for ®'Sr and 82.745¢ for ¥¥sr.

'3:'. PELTIN

87sr 1s a decay product,' of A Rb \l'hﬂe Ll{e remajning IsoLoplc abundances are
. " constant ln nature as the specles are neither radloactl\x{: nor the dec!y products of -

.
any naturally occun'lng :adlolsotope What this means%;he abundance of .

)

' NTSe depends not bnly cm -the amount of ¥'sr presexn-at the time of formatlon or_ ,

the mater\al buj. also upon the concentratton of Rb and the age of the material.-
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L\/ As Isotoplc ratios are more acurately measured by a mass spectrometer than
' .

actual amanLs.the abundance of ¥7Sr 1s expressed as the rat .Sr/“Sr where

L XY

stable lsotope. The ;rls‘sem day

the abundance of ®°Sr Is constant as It 1Is
- L -

8‘Sr/s""Sr ratlo In a rock Is related to the origing! ratlo (S‘Sr/er)o when the
rock was formed at time t = 0, the Rb content a he decay constant A\ by the

. equation:

e 87Sr/8°Sr=(s7\Sr/“Sr)o+(mRb/s‘.’S;)(’e“ -1) .

[

(“7Sr/8°Sr)o Is an important petrogenetic Indicator because magma derlved

by partial melting of source rocks with a high Rb/Sr ratio or contaminated by

| ' such material, such as »ld continental crustal material will Inherit this signature
tn a’ high Inltlal ratlo. Low Rb/Sr sourghs, such as peridotitic mantle

v ' »
correspondingly yleld magmas with fow Inlttal ratlos(BEST.1982).

. Rearranging the above equation for the original FzzSr/“Sr ratio ylelds:

(T781/%0=(*"sr/*sr)t - (“’Rb/“?Sr)(e?‘-g

where the decay constant A Is = 1.42 x 10'' a' and mRb/“Sr Is

approximately 2.9XRb/Sr(ppm).

< A e g Ve ama——

The above equation can thefh be approximated by:
] . ' (¥sr/%sr)t=(*"5r/*sr)0+2.9(Rb/Sr A
’ | EN ' : | ’

because *'Rb Is a known portion of total Rb, 88sr 1s nearly a constant -
portion of total Sr and because the half life of 37Rb Is so long (50 X logyrs) that -

the exponentlal In the decay can be 'lgnored;‘ Using the value of 85 M.a. for the

age t, of the Troodos ophiolite (VINE ET.AL., 1973 ; GASS, 1980) :the original

4 87Sr/s"Sr values are calculated and the results presented-in table 5.4:

.
.
[
ar\aLd ke
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Table 5.4. Present day and initial wSr/mSP values for analysed Troodos
rocks.- i
Sample # Rb/ST’ (®8sr/%7sr) ¢ (®8sr/%sr)o
+ CY292 0.02 0.70526 0.7053 :
CY251 0.05 0.70492 0.7049
CY118 0.11 0.70444 0.7044
CY109 0.17 0.70530 0.7083
4 CYO012 0.17 0.70560 0.7056 ‘
- CYo30 0.05 0.70510 0.7081
CYo39 0.02 0.70583 0.7058
CYo42 0.08 0.70513 *0.7051
CYos7 0.05 0.7082 0.7082
i CYos9 0.18 0.70594 0.7059
CYO84 0.05 0.70530 0.7083
.CYO68 0.25 0.70638 0.7054
, <CYBS1 0.03 0.70880 0.7056.
CYo73 0.06 0.70590 0.7059
CYosa 0.10 . 0.70545 0.7085
cYoss 0.06 0.71490 ©0.7149 .
CYD9® 0.06 0.70439 0.7044
CYB70 0.10 0.70620 0.7062
CYB80O . 0.13 0 0.7054

.70840

» ) .
The freshest rocks have values In the range 0.7030,- 0.7049. These are the

RS T

lowest valyes although one altered sample, an epldote-hornblende. bearing
» ” - »
metagabbro has a ratlo of 0.7044. Sr Isotope values for the altered .rocks range
. ’ . - y,
F ' from 0.7043 to 0.7149. The serpentinized samples poccess the highest |nitlal

ratios. These values compare with the following:

" Table6.5. 88Sr/%7Sr values of crust and oceanwater.

- " Reservoir Present 85Ma B.P.

continental crust 0.702-6.730 ’ --
* Oceanic crusts 0.7028 0.7029
* Seawater*s 0.7091 0.7074

IR

= After MORRIS and HART,1984 ; =+ after BURKE ET.AL.,1982.
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The current study produces an average fresh rock value of 0.7049

+/-0.0003(10) and an average altered rock value of 0.7056 +,-0.0003 .10)

-

The altered samples on average represent an increase of 0}0007 over the fresh
samples. However, the values for the fresh samples are notlceably higher than
est.(mated for .Troodos age oceanle efust (PETERMAN, HEDGE and
TOL'RTELOT.V 1970) suggesting that the samples may in fact be altered on a

submlcroscopic scale. b
]

The present study thus Indicates that Troodos ophlolite mafic rocks have
been contaminated with Sr deep Into the gabbrolc sequence. The contamination

may be due to seawater/rock Interactlon because seawater Is the only plausible

source- of more. radiogenle " Sr/"Sr ratlio matertal present in the subocednic

enviroment. This obsgrvation Is in accord with previous Sr isotope work done on
Cyprus (e.g.ASPOO.\'ER. 1976, 1977) which report the same phenomenon of
"7Sr/885r enrlched mafle rocks. However,the presence of two sample
polats.CY057, taken from a laumontite bearlng shear zone In the Isotropic gabbro
8.'.Sr/er = 0.7082 and CYO089 {rom serpentinized pyroxenite with RTSr/”Sr =
0.7149 Mth ratlos higher than that of postulated Campanla/l,iestrlchtlan
seawater Is unusual and may indlcate that Teth}an seawater may have had a
slightly higher 87/%Sr ratlo than average. E_xtenslve limestone and anhydrite
deposlts (BEAR,1960) at Troodos also suggest thls.
5.5. OXYGEN ISOTORPE GEOCHEMISTRY

Recent oxygen lsotope aﬁalyses carﬂed out on rocks from ophlolite sﬁltes

have generally shown that hydrothermal alteration in anclent oceanic crust is

]
. extensive, and can be consldered to be the dlrect result of seawater convecting

through oceanic crust, In response to cooling (SPOONER and FYFE.1973 .
HEATON and SHEPPARD,1977 : GREGORY and TAYLOR,1981 ;SCHIFFMAN

4

PO i
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ET.AL..1984 STAKES and VANKO,1988). At Troodos the present study

¢
reveals broad hydrothermal alteratlon in the mafic rocks to be of the same nature

-

as shown by previous studles, but with slgnlﬂcyt variations that add to produce

a more complicated oxygen lsotope proflle than has previously been suggestd by

_other workers (e.g. GREGORY and TAYLOR, 1981). The oxygen Isotope

composition of fresh and altered ocednic rocks, specifically of ophlolites has been
employed to deduce the conditions of basalt-seawa.ter interactlon and tb constraln
the Isotopic budget of the hydrosphere (MUEHLENBACHS and CLAYTON.19872
a: GREGORY and TAYLOR,1981 ; HOLLAND,1984). This study reports the
results of an oxygen lsotope Investigation Into Troodos ophlolite mafic rocks
sampled from ICRDG drillhole CY-4, for both whole rocks and mineral separates.
Isotope analyses were aisé performed on calcite bearing rocks coming mostly from

the upper reglon of diabase dykes encountered by the drillhole.

’

Oxygen has three naturally.occurring stable lsotopes, 18183 THe Isotopes do
[
not suffer from radloactive decay and have the following abundances In acean

water: "0 99.756¢ : '"0 0.039% ; 'O 0.205°. Substantial variation of the-

aburdances of the three lsotopes occur In nature and the conventional manner

used to express the isotoplc composition gf a substance Is by referring Its '"O/'-"O

ratio to Stapfdard Mean Ocean Water('*0/'*O SMOW) which by defnition Is

ZGW
3 .

1R~ _ IR~ I8 I8~ /18
870 =[("0/ 0 e / O/ 70w 11X 1000

the value 1s in parts per thousand(mll). Varlations 1n oxygen Isotope
Q

abundances are.caused by kinetke and equllibrtum fractionation mechanisms

.which are temperature dependent but insensitlve to pressure. In a system at

equlilbrium, the Isotople compositlon of two coexlsting phases is a. function of
temperature alone; l.e. a pal_r of minerals formed In mature at equilibrium thus

can be used as a geothermometer (BEST,1982).
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Fractlonaslons or dlfferenceﬁ in {among minerals afe termed A which s

defined as:
»

A,-g T 10001n a, 5 approximately = 6,=0g

4
where & I1s the fractionation factor for the coexisting minerals A and B.

TAYLOR and EPSTEIN(IQ‘BZ) and J.-\\'OY(197\7) discuss In detall the
backgsound and ‘thec'>ry of , oxygen Isotope fractlonations. 'i"roodos ophlollte
diabase dykes analysed for '80/'80 ratlos gave a range of values of §'%0 ot‘\\
2.2-8.4 per mil. The freshest samples among them (CY227. CY145) yleld the

highest 5'%0 values of the study, however these values barely lie at the low end of

fresh tholelltlc oceanlc rocks whose §'%0 s 5.7+/-0.3 (GREGORY and

TAYLOR.1881). The mwﬂwmmwm in appearenee. - -

megascopically have expérlenced oxygen exchange with an extraneous medla.
Electron microprobe investigation peveals minor anrd patchwork type alteration of
diopsidlc auglte to actj_nollte.t.h_ls }n co—gxls_tence wltr'\ fre;h calcle plaélocle_se.
Tsotropic and layered gabbrod with fresh ophitlc to subophitic textures In thin
section gave‘a range of 80 of 1.8 to 8.4 per mil{CY117 , 017 , 023, 03(_3 . 064,
A2) thus also 1ndic§t,!nﬁ jthat' oxygen exchange with an external rgser,vo!r had
occurred despite petrographle appearences of being fresh. \'ar!ousl)5 altered
gapbrm(table&.-i)glve a.m'uch wider range of values of ¢ mO of 1.1-10.4 per mil.
The whole rock 8o com'pc;sj{loné 91‘_34 «selected samples from Troodos (CY-4)
are presented In table 5.7. The ngetamorphlc mineral asseiﬁb}ages of the analysed
samples together with known mineral stact)ﬂllty flgids have'be.en used to estimate

isotope re-equilibration temperatures. ©
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Table 5.6

Whole rock '*0/'*O profile for CY-4.

-~

104

S.# D. (m) Description §'%0 Rock
253 ~ 266.5 sheared d. 2.2
239 356.8 * sheared d. 3.3 B
227 4439 :} - sheared d. 5.3 ™
212 515.7 . sheared d. 2.8 _ .
145 836.2 . ’ sheared d. 4.1 ' .
119 980.0 HL gabbro 3.4
117 994.1 HL gabbdro 4.8
008 1073.2 met.d. 3.7,
012 1115.5 chl.gabbro -10.4 0 .
017 1147.7 ign.gabbro 4.8
021 1175.4 met.gabbro 4.1
023 1486.3 1s0.gabbro. 5.4 T
BET 12387 And.gabdbro 7.8 . ’
030 1245.3 metagabbro 3.1
038 1283.0 ign.gabdbro 5.4
B8O 1310.2 lch.gabbdbro 5.1
03¢ 1313.8 chl.gabbro 3.5
R4 1323.0 metagabbro 2.7
040 1329.7 qtz-ep V.. -8.1
059 1478.8 serp.lnt. 8.5
063 1496.0 metagabbro 6.6 - _
064 1603.1 ign.gabdbro 5.5 .
068 1536.7 1gn gabbro 6.3 ‘o
073 1618.4 lch.gabbro 1.1
084 1708.3 serp.vein 3.6 ‘
o087 1730.8 qtz-plag v. 4.8
089 1742.7 serp.int. 5.4 -
wX 1977.0 serp.u/m. 4.6
At 1850.4 serp.u/m. 5.0
A2 1860.3 gabbro 5.2, ‘
B2 1966.3 ep.u/m. - -0.5 !
WX0 1981.0 serp.u/m -0.9 “
B16 2228.2 serp.u/m 1.2
B17 12235.3 serp.u/m 2.2
-~ «
ign..lgneous. met..metasomatized. serp..serpentinized. leh..leached.u/m,

'

+ A N N
ultrgmaﬂc rock. d..dlabase. ep..epldote. chl.chlorite. qtz..quartz. l1so., Isotropic.

And..andradite. v.,veln. Int..Intrusion. HL..high level.

-
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metégabbro bearing hydrothermal dlopslgie and hydrothermal anorthite {An98)
from a bleached zone In CY-4 occurring at a depth of 1618.4m (plate 2) which
has been left porous on-the cm scale by heated hydrothermal ﬂulds and ylelds
the highest “ater/rock rauo Sample CY012, a gabbro from 1115.5m, has a 8'*o
value of 10.4 per mil whlch is the highest whole rock value determlned in this
study. The sample Is derlved from a medlum gralned gabbro exhibiting a slight
mineral orlentation of plagloclase and whose only evidence of alteratlon is the

presence of minor chlorite replacing cllnbpyroxene visiRle only in thin sectlon.
v e '

Serpentinized ultramafic rocks composed mainly of relict ollvlne.eﬁstatlte and

Hzardie -with mmep-amlgoﬂw—yuldsﬁlgo -values In J.hara.ngé 3.8-5.5 per mil. _ .

These low values indlcate that all the analysed serpentinized rocks have
experienced open system oxygen lsotopic exchange at low to high temperature.
The values lle at the lower end of the range of values obtalined by MA;QGARITZ

and TAYLOR,(1974) who report an oxygen 1sdtopé range of serpentinites of 2.0 -
. e

9.3 per mil.
-

Table 5.7. Oxygen data for mineral separates from altered Troodos rocks.

N '.‘ .
« . .
105

stratigraphic position The sample with the lowest & %O value . CYO073 . Is a

S.# §'foQtz S §'*0Ad s'"0Act | 130"20-

008 ‘4.3 4.6 .- +3.4 ;
021 2.3 5.3 . +4.1

B77 . 4.2 . 8.9 - +7.7

121 5.9 - N . -2.5

004 7.6 . 5.3 -9.6 \

024 17 . 8.8 ‘ -4.8 -

g wo et
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* §%0 of H,O equation calculated as belng In equllibrlum with the rocks using

feldspar geothermometry as deflned by O'NEIL and TAYLOR {1967).

During open system exchange the §'*0 value of hydrothermal fluids and the

i /r/ . temperature of Interaction of the flulds with rock are the major controls_ of the
' oxygen lsotopefrat\os of silicates In equilibrium with flulds. Both theoretical and
experimental work show that sllicate - water fractionations are large and positive

I ¥ at low temperatures and that they decrease rapidly wlth&ncrease In temperature

- (TAYLOR , 1968; MUEHLENBACHS and CLAYTON, 1972 a , b, 1978). Over

the geologically important temperature range from abproximately 100°ts 700°C,

, ) this decrease in the Isotoplc differeqce between coexlisting silicates and water Is

related to the reclprocal of the square of the absolute temperature.

TAYLOR(1987) shows that the fractlonations steadlly decrease to being small

and even negatlve by 400°C.
)

The 6'fO values of thé analysed samples from Troodos In thls study (tables
5.3. 5.4, fig 5.8) wlith few exceptlons show % negative shifts or depletions

relative to é 'Rf) values for fresh tholelitlc basalts of +5.7+/-0.3 per mil. The

b N i
[ )

maximum observed negatlve lIsotopie shift I1s by 6.8 per mil. The maximum

poshtive isotoplc shift s by 4.7 per mil, to whole rock values of -0.9 and +10.4 per

-

Sa

mil respectlively (samples CY-WXO and CY-012, respectively). The overall trend

Is that the § '*O whole rock values decrease downwards producing larger

. depletions In thirgabbros apd ultramaflcs. At temperatures of about 300°C ahd.
N > B}
under open ,in conditlons of high water/rock ratlog, th.e fractionation
N

% r 4
between ter with § '®0 = 0 and basalt with §'®0 = 5.7 +/- 0.3 per

mil is such ¢ ‘;ﬂ‘o Isotopic shift occurs. At temperatures less than this, basalts

\

are enriched In the heavler Isotope of oxygen. At temperatures higher than thls‘.

3

. the rocks wlll be leached In '*O due to the temperature effects of water rock

-
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fractlonation. Since a temperature for hydrothermal metamorphlsm of 300°C to
‘.a.pprnxlmately 370°C 13 suggested by the secondary mineral paragenesls albite —
"shlorite + actinollte In the dlabase dykes and greater than 300°C In the high level
gabbro by the critlcal assemblage anorthife + 'magneslo - hornblende tl;e data are
interpreted as primarlly indicative of high tempe;-ature hydrothermal alteration.of
the ophlolite by seawater flulds at varlable water/rock ratlos. Isotope data for
mineral separates (table5.5) for a number of alteratlon zones conflirm the
Innuencg of isotoplcally negatlve. flulds. This Is to be expecte;d as these flulds have
présumably reactedlor exchanged oxygen with higher level oceanlc crust such as
pitlow l‘avas and massive flows Initlally during thehl descent path at falrly low
temperatures.enriching the mO/wO ratios of the volcanle rocks. At temperatyres
above 400°C (TAYLOR, 1967) the §'%0 of the flulds Increases to above §'°0 = 0
" while the plutonic rocks under golng.exchange come depleted In '®0. The
occurrence of '80O - enriched rocks In the ztonlc sequence \&'here the
metamorphlic mineral assemblages suggest temperétures of recrystallization abbve
350°C Indlcates the Influx of lsotoplcall.y unreacted seawater. The samples whose
§'%0 whole rock values are enriched (>5.7+/-0.3 per mil) are accorélng]y
Interpreted as being the prdducts of $ow temperature h)'d'rothe;gpal fluld and rock

‘Interaction. The maximum observed positive shift yvields a whole rock §'%0 value

of +10.4 per mil.,

Previous studles (e.g.SPOONER ET.AL., 1974 ; HEATON and SHEPPARD,
1977 : GREGORY and TAYLOR,1981 ; SCHIFFMAN ET.AL., 1984 ; STAKES
and VANKO,1986 ) of lsotoplec variation In ophlolites have shown both’ '86
enrichment and depletion, with the enriched rocks primarlly confined to th‘e top

level plllow lavas and flows, and wlith successive unlts showlng progressively
AN

smaller fraptlonatlons. The present study indicates a much more complicated '

Py
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-
oxygen lsotope plcture of the effects of ocean crust/basalt Interaction and reveals

80 enriched values deep within

fluctuatlons from overall '%0 depleted values to
the gabbrelc sequeﬁn'ce. In. thlg “suboceanlc environment where geothermai

gradlents are very high, the observed shifts to positlve values at deep levels must
?

IR .
. “7rallect massive influxes of seawater Into deeper parts of the plle via pathways

.

"u\‘sevex;al orders of magnitude g.reater thén the " dominant infikratlon pathways.
Such condlglons would enabte huge quantities of seawat;zr at lower than ambient
temperatures and oxygen lsoto_ﬁe composltion of about’§'*0 = O per mil. access
Lo deepgr level rocks ®here oxygen exchange wguld produce the obseryed “O
enrlchYnéan In the gabbros at depth.

. 5.86. CARBON ISOTOPE SYéTEMATICS

Analyses of mC/',""C and l!'O/“’O ratlos were performed on secondary calglte

v

bearing assemblages from late laumontite + stllblte + calcite velns. vugs. and

shearzones encountereé In CY-4 (table 5.8): .

Table 5.8 : .

Isotopic composition of CY-4 calcites. -

LA . ‘
* su Dmy ¢\ §'*o
228 /0 462 4.7 +21.2
| 4940 . 140 +20.8
38 -128 +21.1 .
305.4 -12.4 +20.4 ‘,
794.5 9.7 +19.7
941.1 . -14.5 | +21.8
948.9 -15.1 +20.5
1185.2 .' 157 . +20.4




TR

e mjimemgAns 8. [,

- BT ANV I 2y,

“
.

109

B72’ 1842.7 +1.2 - +11.5

L. —

Most of the samples ﬁre\from the depth range 450-1200m in the sheeteé dykes
and high level gabbros. The 8 '3C values obtalned range from -15.7 to +1.2 per
mil and the 6'%0 values for the same samx;les range from +11.2 t¢ +24.0 per mil
The 6'3C valuds cluster between +9 and ‘-18 per mil with one lsolated sample,
which occf far deeper In the-ophlollte sequence than any other, having a v&®lue
‘of +1.2 per mil The ﬂ,rst five calcite bearing .samples,_ which all occur In the
diabase, show a cor.xstant Increase <.>t‘ 6'3C from -15 10 -10 per mil'With Increasing

depth. The samples occurring jg the high level gabbros have negative §'3C values

clustered at -15 per mil (1g.5.7).

The carbon and oxygen Isotopic compositions of naturally occurring
carbpnates are unique to the extent that they are routinely used as reservoir

»

tracers and In conjunction with detalled geologlE and geeeh&mkﬁ;s'ﬁ?&%s are used

.to obtaln Informatlion on the physicochemlcal conditions at (he- time of d {tion
and where appllcable, ore ‘formatlon (HOEFS,1978). The average 'valu:gb&’_v

for sedimentary marine carbonates is close to O per mil while that for igneous

carbon is close tb -3 per mil. Carbon derived from blogenlc processes s
Isotoplcally more negatlve than Igneous carbon, up to -33 per mil (OHMOTO and

RYE.1979).

Y

Secondary carbonates formed by the low temperature alteratlon of fresh

basalts by seawater have carbon .and oxygen Isotope compositions that range from

. ~ ' -
-5 to +2 per.mll (PDB) and from 25 to 30 per -mil (SMOW), respectively
(MUEHLENBACHS and CLAYTON.‘ 1972 : MUEHLENBACHS,1977). High :

Lemperaturz (>300°) seawater/fock Interaction produces carbondtes with oxygen -

and carbon lsotopiec compositions ranging from -1 to -18 per mili (SMOW) and

from -7 to -4 per mil (PDB), respectively (MUEHLENBACHS and CLAYTON,

* .

-

-~
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1972b). However,while these possible carbon reservolrs appear to be disllncflve.
large ranges of 6'3C. up to 50 per mll In a single deposit, are known to result
from fluctuations In temperature, Eh and pH during carbonate precipitation from

solution (OHMOTO,1972).

The carbonates from Troodos reported in this study appear to be too
negative to be consistent with an origin attributable to seawater/rock Interaction
alone. In other words It Is c'ilmcuu to lnLerpret' the results as the products of
carbonates inorganically preclplitated out of seawater at elevated temperatupres.
This feaves the suggestion open that the analysed carbonates owe thelr C content
In part to a low'3C/'2C blogenic reservolr. The presence of sulphur based
chemotroplic blologlial communities around discharge vents on the ocean floor (
see RIBE Project Group,1979 ) provides a ready source of such blogenlc carbon.
5.7. SUMMARY .

The altel:atlon sensitive element geochemistry of the Troodos (n:’phlollte maflc
rocks Indicates that they wete originally tholellteg with mafic to Intermedlate
contents of sillca. ’I‘hel alteratlon sensltive elements also show that tﬂm,'rocks have
undergone hydrothermal alteration whlch'has profoundly affected the distribution

of most of the mobile myjor and trace elements.

The main effect of the alteration has been the Mxation of H,.;O and Na,O in
the upper diabase dykes that has converted parts of them Into spilites. Calclum
metasomatism In the lower gabbrolc rocks has led to the development of
rodingitized gabbros in places. Ferroué/ferrlc Iron ratlos for select ro.cks indlcate
that a}ter;tlon has primarlly been an oxldatlon process. Trace el'ement analysis
shows that Sr has been moblle but s edulvocal as tc; wheather It has been

L] -
deposited or stripped from the lower ophlolite rocks. High Rb abundance ts not

consistent with the low K content “of the rocks and appears to be seawat? /

._ . ) ' | | ) ] ’
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derived. Zr/Y relatlons when plotted‘ agalnst Zr fall into the fleld o.f lsland. arc
basalts and MORB while 1* ébrun,daﬁges. which are low, suggest that the ophlollte‘
was obducted or exp;ased ina reglén ciose to its environment of formation. B and
Cl contents a;.r_e enriched up to § fold- above average basaltic values. High
é’Sr/ssSr values Indicate strontium contamination approaching seawater values
and I80/'60 lsotép! ratlos show that locally alteration proceeded at high
‘temperatures exceeding 400°C and was caused by seawater evolved flulds which
‘produced §'%0 - depleted plutonle rocks. The presence of large positive mO/wo
ratlos at depth In the gabbros greater than 6.0 per mil Is attributed to gaint
Influxes of seawater at ld\'&'er than amblent temperatures through major deep

going faults. Late carbonate bearing veins yleld negative & 3¢ values suggestive

of the contribution of organle carbon.

f
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Chapter Six
FLUID INCLUSION ANALYSIS.

8.1. INTRODUCTION

A- study of fluld Inclusions was undertaken In an attempt to trace part of the

chemlcal evolutlon of flulds convecting through oceanlc crugt Although
particulate laden 350°C ﬁulds have.been observed venting from oceanlc crust near
spreading centres {e.g.RISE Project Group.lQSO) little is actually known about
how seawater evolves chemlcally into this type of a fluld. Indtrect evl\dence Is

avalliable from metamorphic minerals and alteration assemblages.

At Troodos, apart from the metamorphosed rocks. various al.teratlon zones
and veln assemblages encountered reveal a deflnate mineraloglc sequence with
Increasing depth indlcative of an Increasing temperature of alteratlon. However,
" a large m;'mber of late, retrograde assemblages afe also present. Broadly, the

major mineralogic trends In the alteration zones are as follows: _

Low temperat.ure: zeollte facles minerals In plllow lavas and flows(GILLIS ghd
ROBINSON, '19‘85) Laumontlte + stilbite + calclte + gypsum (+alb{ae +
chlorlte)in the diabase /dykes Epidote + quarte (+albite + actlnalite) in the
{sotroplc gabbros.‘Dlopslde + .prehnite + andradite «+ quartz (+anorthite +

hornblende) In lower lsotroplc~and' cumulate gabbros. Serpentine + magnetlte +
chlorite + quar(z in layered gabbros. b >

Individual alteratlon zones range in aperture from a few cm to over 2m. Most
velns encountered are In the Bperture range lmm to 2cm wide. The vein inflll is
varled, though most commonly retrograde laumontite In the dlabase and gabbros.

shear zones are common. Mahy fractures appear to have been used more than

once (see ICRDG,1984:1985).

113 .
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Though npgactlcally ‘lnslgnmcam. minute remnants of the actual flulds

i

responstble for this alteratlon are preserved In the rock as fluld incluslons In
mlnerals.- Optlcal conslderations render quartz as the only mlneral In the rocks
studied with readlly observable inclusions. However quartz s not a common
mineral In thls enviroment as silica tends to be leached rather than deposited

with Increasing temfperature (FYFE,1974).

Fluld !Inclusion studies are based on the fact that when crystals grow or
recrystalllze in a fluld medlum, growth Iirregularitles trap small portions qf the
fluid In the solld crystal. The sealing off of such irregularities may occur during
the growth of the surrounding c¢rystal, ylelding primary fluld inclusions, or by
recrystallization along fractures at a i{ater time ylelding secondary Inclusions

(ROEDDER.1979).

-

SORBY(1858) was one of the first workers to recognlse that the gas bubbles
present In most inclusions are the result of differential shrinkage of the liquld
- relative to the encloslng mineral during. cooling from the higher temperature of

trapping to that of observatlon. He correctly deduced that the temperature of

C eenpp e -

trapping can be estimated by bentl@ the sample to the point at which the bubble
disappears l.e.the temperature of homogenization(Th). Other parameters which
g ' can be obtalned by merely observing phase transitlons upon heating and cooling
(1.e.non-destructive determlnations) Include the eutectlc melung‘.,pemperature(’l‘e)
which glves an lndlc.atlon of the solute chemlistry, the melting temperature(Tm)

congruent or incongruent of salt-hydrate phases, the melting polnt of H20 (Tm-

T agane TR

lce) which 1s an Indicatlon of the salinity of the fluld, and the temperature of
melting of mineral sollds {Tm-solld) which persist after the melting of hydrates

and lce.
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68.2. EXPERIMENTAL TECHNIQUE
The current study employed nondestructive téchnlques on smalk3 - 30 um}
Inclusions In veln quartz. The Incluslons were examined In doubly polished thin

sections of thickness 60-70mm.

Microthermometric measurements were carried out on a Linkam THBOO
heating and freezing stage operational across the temperature range -180.0°C to
+600°C (SHEPARD.19881) mounted upon the stage of a Leltz Periplan
microscope. The results are presented In tables 6.1 and 6.2. Llquid nitrogen was
used to cool pure nitrogen gas which acted as a coolant for the stage and_ sample
down to‘ approximately -100°C to ensure freezing of the Incluslons slnce
metastable persistence of water at low temperatures inhiblts nucleation of ice
crystals. Samples were allowed to warm up slowly and phase changes were
observed and recorded. Measurements were repeated until the fluid inclusion
under observation gave consistent readings. The preclsion of melting temperatures

.

obtalned 1s +/- 0.2°C for the range under which the measurements were carried

out.

Homogenization and melting measurements were carrled out on the same
inclusion. éontrolled heating of the fluld tnclusion to the temperature at which
the gas bubblé homogenized with the fluld gave the homogentzatlon
temperature(Th). The réproduclblllt.y for this value Is c.onsldered 1o be +/-0.2°C
below 200° C and +/- 1°C above this for the Linkam TH600 apparatus.

6.3. RESULTS
Two populations (plates 11.12)'01’ primary fluld inclusions were ldentifled by

slze, shape, and distribution with respect to the other observed Inclustons In the

various sample sectlons. ’ -

Table 6.1.Mlcrothermometric data for two-phase primary fluld inclusions

present In veln quartz from the Troodos Obhlollr,e.

T

A
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Sample# M.* Te M. Tm M. Th No. D.(m)

'CY121 -20.5 -3.5 230 8 970.0
CY120 -20.4 -.38 180 17 973.0 )'
CY118 -52.4 -19.8 280 21 . 983.8
CY118b  -20.8 -4.5 381 © 10 983.6
CY004 -19.7 -4.7 300 15 1058.0
CY008 -21.8 4.7 275 20 1073.2

CY024 -19.8 -5.3 295 .15 1195.9

/

M.* = median.No.= number of includions.

.ROEDDER(1979) glves a compreliensive list of criterla for discriminating the

orlgin of fluid Inclusions.

v

A minimum of two secondary populations were also found to be present. The

secondary lnclusions tended to be smaller (5 - 15um) Irregular shape, greater in .

number and often located oh fracture planes. In contrast, the primary Inclusions
7

are generally larger(15 - 30um), fewer In number, they tend to be Isolated or to
occur In small clusters. For all fluld Inclusions observed . and measurements

performed, the gas bubble volume to fluld volume ratlos are consistent and

suggest that bolling has not .occurred In these flulds (see ROEDDER.19841).

PAGE 52 Overleaf: Plate 11
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Overleaf: Plate 11 All bar scales 0.08mm.

N. 2 and 3 phase primary fluld Inclusions In veln quartz. Note relative

volumes of daughter crystals compared: to fluld inclusion volume.

O. Same as N.

= P. Q. Primary 3 phase fluld inclusions In veln quartz.
-

The first population of primary nula Inclusions occur In samples from lower
sheeted dykes and are two phase .(nquid + vapour) Incluslons characterized by
eutectic temperatures in the range -31.0%0 -19.0°C; final melting temperatures
-5.0%0 -0.3° C(lce)and minimum homogenlzation temperatures of 140°t0 .
365°C(table6.1). The secénd population of primary Incluslons occurs In*the lower
part of the observed deptt{ r‘avnge and consists of two, three, and four phase

. E - (llquid + vapour + daugﬁter crysfal[s]) incluslons. |

¢

k

; Table 8. 2. Thermometric data for three phase {luid inclusions uartz.

’ - %

! Sample# M.Te M. Tm-s. M.Tm-L M.Th. SAL. .\'.. o o ,

{ cyYler 277 - a8 264 31.0 5
| f CY120 -22.1 - -4.7 211 31.0 10
1 CY0042  -20.1 - -3.0 235 28.1 7
CY004b  -45.8 _-31.8 -17.0 .. 133 21.0 8
| CY024a  -49.7  -31.4 -17.8 172.1 22.1 8

. CYo024b -30.0 -21.9 -17.5 301 23.4 3
M.= ﬁ\edlan ; s==solld : l1=lce ; No.=nufnt;er of Inclustons,SAL.= saltnity In

‘ : : wt.S5 NaCl eﬁulv.calculated acco’rdlh'g to the data of Y&VAT!E_VA(XNB)
| I\ *
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The daughter crystals observed are composed of NaCl and apparently CaCl,
according to thelr crystal form, (NaCl) eutectlc temperatures and phase transition
behaviour (see HOLLISTER and CRAWFORD, 1981 ;| ROEDDER.1984). This

second population Is charact®rized by -very low eltectic temperatures in the range

-55%0 -43°C, hydrate melting temperatures -34°to -20.3°C lIce melting

temperatures -18°to -3.0°C and homogen!ization temperatures 130°to 310°C
i emp

(tableB.2).

The two secondary populations were identifled on the basls of their differing
homogenization temperatures(table 6.3). The first secondary population occurrs

in all the samples studled. The second population was isolated only in one sample,

but occurrs In a significant number of Incluslons to suggest that it was a separate
population. The secondary Inclusions were all simple two phase, and tend to be

associated with fracture planes in all orlentatlions.

Table 8.3. Thermometric determinatians for secondary inclusions from the

Troodos ophlolite:

< -

Sample#  M.Th M.Te M.Tm No. Depth(m)
cyi21 180 210 -4.5 18 970.0
CY118 { 215 -24.3 -5.5 18 983.6
CY008 178 191 4.8 10 1073.2
CY024 305 -18.6 -3.0 21 1195.9

‘ -

The overall high homogenliatlon temperatures of the primary and secondary
flulds and the varled degree of rrg'ezlng point depresslons indlcate clearly that
these are hydrothermal fluids that have evolved to varlous extents f'rom seawater,
and that the genéral trend of evolutlon has followed a path of increasing

temperature and Increasing salinity to the extent of saturation of several specles.

[ 29
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Overleaf: Plate 12. All bar scales = 0.06mm.

W. Fluld incluslon In veln quartz with large daughter crystal. -
X. Cluster of 3 phase primary fluld incluslons (near bottom). *

-

Y. Primary Inclusion with 2 daughter crystals,bmt without vapour phase.

Z. Same as V. . .

Fluld salinitles are conventlonally expressed in welght percent NaCl

equivalent (POTTER ET.AL..1978). a self expla'natory term. In most geologic
sltuations, such sallnity may Indeed be caused by NaCl, but other lons in solutlon
may have a simlilar efi‘ect on the freezing polnt of pure water (l.e. to depress ‘lt).
Converslon of the melPIng ;'>olnts of the first primary pgpulatlon and the
~sec:ondary populatlon t.o. equlvalent salinity  using the data of POTTER

ET.AL.(1978) ylelds the following sallnitles:

Table 6.4. Salinitles of two phase fluld ipcluslons.
- . ‘

—

Sample# Medlan Tm-ice SAL. ‘.
CY121 -3.5 29.0

* CY120 -3.8 . : 29.4

*CYLI8 - -19.6 219

CY118b 43 7.4

CY004 - -4.7"° 30.9

* CYoos -4.7 7.7 ‘
CY024 -5.3 31.9

«

* Indicates melting polnt of the lce phase observed at eutectle.

~

e
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Overleafl: Plate 13. All bar scales 0.08mm.

U. 3 phase primary fluld Incluslons with halite daughter crystal In veln 4

quartz.

V. Primary fluld Incluslons with several daughter erystal phases In viin ‘

.

quartz.

"W. Enhanced reproduction of U.

R—E. nhanced reproduction of V.

Y. Primary fuld Inclusion with daughter crystal In veln quartz.

Z. Enhanced reproduction of Y. .

/

“

B

The sallnlty of seawater ranges from 3.2 wt.5% to 3.75 wt.S% NaCl equiv. and

may rise to 4.1 wt.S5 NaCl equlv. In small ocean basins such as the Red Sea and

Mediterranean (RILEY and CHESTER,1971}. The calculated sallnme’s (table 6.3:;

6.4) are above that of seawater by almost ten times. Based on the premlse that

’prdlnary seawater was the starting fluld, then it has In the course of interaction

with basalt become more sallne. The premlse Is a reasofiable one for rocks

generated In an oceanle environment ‘and Is borne out by oxygen and sulphur

Isotope data as well as trace element abundances of Cl and B (see preceeding
chapters¥ Increases In seawater sallniky of the magnitude observed may be

generated by oceanic crust hydratlon via priscesses such as: . / .

A - : B
Seawater + Basalt = Splilite + brine ' ' KN

N
1

(HUTCHINSON EET.AL..!QSO). This correlates well with the alteration

minreralogy of the rocks in which the quartz veins occur which exhibit greenschist

Ve
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-ra.cles metamox;bhlsm. The low eutectlc temperatures and the presence of
daughter crystals encountered In the fluld incluslons Indicate that the fluids of
the second primary population are saturated with tespect to both NaCl and
CaCl,_,. Because of tr}ls It was found more approriate to calculate sallnites of the
second group of inclusions using the phase relations of the NaCl - CaCll, - H‘_,O
system based on the phase dlagrarrz of Y.&\'ATIE“"A(IQ-IB).

6.4. DISCUSSION -

\ .The system NaCl-C.aCl,_,-H.zO t\as a eutectlc temperature of -52.0°C while the
gystems FeCIs-H,)O‘and A'iCls-H,.,O ;)th have eutectlc temperatures of -55.0°C
(ROE{)BBR ET.AL..XQS%). CRAWFORD ET.AL.(1979) note that the presence of

3. .\mCl_z, FeClzﬁor Fe'Cls I1s difftcult to determine from fggezing and heating
measurements alone, and hence the possibility of the presence of K. Ca®~
Mg®~, Fe®” and Fe®~ fons In solution can not be precluded. A'major constraint

Iy ® nowever to the actual fluld- compdsitionsj Is afforded by the z;lteratlon

¢ nzlnf,ralogy of which the quartz Is a part. In general, two sets of alteration

‘assemblages stan®out. The first set can be sald to ke spilites, while the second

sel appea¥rs to be the result of Ca metasqmatism. The trend can be stated as
‘e

.'

4

follows:
) .
CALCIC - PLAGIOCLASE = ALBITE = ANORTHITE

v

Ignecus = spilitized =~Ca-metasomatized.

-

.-\L'GIT}'I = ACTINOLITE = DIOPSIDE

\

Quartz s locally assoclated with both alterallon assemblages, with the

‘ L]
hxpersal\ne fluld Incluslons, In quartz generally occurring in the most calcic

alteration assemblages. In other\ words, the hlgh salinitles encountered may

« partially be due to a"salting_out"effect..caused by the presence of Ca® ", Mg*"

LY
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and Fe®~ addltlon, any o( which is known ta drastically decrease NaCl solubliity.
LINKE (1958) shows that at 25°C tn the system CaCl._,-.\'aCl-Hgo. NaCl! has a
solubllity of only 1.02%. At higher temperatures, the solubllity is even less
{HARRIS.1879). An Important procéss which Is capa‘ble of -generating both high
salinity fulds and releasing cations into solution in the oceanic enviroment is the

process of serpentinlzation which procéeds exothermally vla reactions such as -
<

PER&OTITE%—SEAWATER = SERPENTINE+MORE SALINE FLUID

3

Contlnued reactions of this ;)(m have been shown by MACDONALD AND
FYTE (1985)té depend on the benetration of water through serpentine mlnerals
to the peridotites as the reaction is quite rapld geologleally. Thelr experiments
Indlicate that {he serpentine layers act as _semlperméable membranes which allow
H,O to diffuse through to the unreacted anhydrous assemblages up to 300 times
faster than the influx of*NaCl and other dissolved salts thus Increasing salindty by

membrane separation. Such processes must be4mportant In situations as observed

at Troodos where the scale of serpentinization Is extensive and Ca-metasomatism

" and serpentinizatlon wldespread. (WILSON,1939 ;. BEAR.1963 : GASS.1968

MOORES and VINE, 1971 ; BARRIGA ET.AL..1985). The resldual hypersaline
fulds aré probably Injected Into overlying yocks as a result ;:r the large bulk
expansion and fracturing accompanying serpentinization. The occurrence oLI' an
unusual ;pldote/cllnozolslte + chlorite + calcite + sphene alteration zone In
olivine webster\te's at a depth of 1992.32m to 1996.72m in drillhole CY-4 at
Troodos may be a product of such brines. It' Is of note that the alteration zone is

A}

cut by serpentine coated fracture planes.

VANKO and BATIZA(1982); STAKES and V'ANKO(1988), also report

daughfer-crys&al bearing fluld Inclustons In veln quartz present in oceanle cruéb

Ly e = -
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gabbros dredged from the falled Mathematictan Ridge. thus hypétsihne fluids
may be volumetrically significant in the oceanic enviroment. and may explain the
Cl-rlch amphiboles present In some oceanlc metagabbros as reported by
VANKO(1986). STAKES snd VANKO(1986) report the preseace of ®huld
Incluslons in gabbrolc rocks with salinities that vary from near seawater to over
30 wt. %¢ NaCl and homogenization temperatures that vary {rom greater than

550%C to about 150°C.

The quartz In which the fluld Inclusions are obse~rved Is most simply
explained If the velns represeni local discharge (cooling) pathways. However. T
highly evolved brines rich 1‘n CaCl,., cause replacement of albitd by anorthite and
other calele pha.seé. then sillica will also be produced in suc.h r‘e‘actlons. Some
featux;es then of the alteratlor mlgh;.\ be best explalned by rising flulds derived
from rodingitization In the ultramafic portlons of the sequence as serpentinized
and epidotized ollvine w;?bslerltes suggest. ;!'he presentz study presents clear
evlde’nce for the presence of two types of fluid; shalléw level seawater and deep

level hypersaline brines, and In the ovéra}l convective system, the potentlal for

mixing must be large.

In a previous fluld Incluslon study Involving Troodos rocks, SPOONER ahd
BRAY(1977) exam!ined material from three relatlvely deep stockwork zones which
occur ‘beneath now -exhausted masslve sulphide deposits and observed fluld

inclusions in which...

-

“the freezing polnt Is statistically Indlistinguishable from that of seawater...”

and thus concluded that ...

*a hydrothermal fluld ldentical to seawater In Its salinity formed the.

ophlolitlic sulphlde deposits of Cyprus.”
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Fhe current observations do not support thls point of vlew and lead to the
suggestlon that around the ‘dlscharge sites of convectlon systems In oceanlc crust,
n_iasslve mixing with xa\&atu must occur as this environment Is characterized by
a high fracture permeabllity (kence stockwork) and that because of tﬁe rel'atlve
volumes !nvolved, seawater may Qmask .the composition of the venting
hydrothermz;.! flulds which are primarily -responslble for ore formation.

8.5. SUMMARY

Hypersaline flulds have been observed In the gabbrolc rocks of the Troodos
ophlolite In fuld Inclusions oc‘currlng together w’other flulds of seawater
ialln!L)'. It 18 suggested that these - hypgrsallne flulds are a prod;xct of
serpentinization and other hydratlon reactlons occurring at dg'pm_‘.gnd that

e

mixing of these flulds with seawater has occurred. - ,t T

. -
g

.
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Chapter Seven
SUMMARY AND CONCLUSIONS

The current petrological and geochemlcal study has sought to Investigate the
nature of postmﬁgmatlc glteration In the plutonic sequence of the Troodos

ophiolite.

It Is the finding of this study that such alteration Is present on an extensive

scale In the lower portlon of the ophiolite, and that the characteristic features

about it are as follows:

The altergtlon Is related to dlscontinulties in the rock mass lr; that the

intensity of alteratlon decreases with distance é.way from such discontinuities;
é}" ~ [} v . -
Apart from reglons where movement has occurred, igneous textures have been

I .
preserved; l.e. there !s an absence of an overall deformatlon fabric In the rocks.

Where the alteration has affected all the igneous minerals to the extent of
complete recrystallization, metamorphlec mineral assemblages are discernable to
the extent that the altered rocks have been assigned ;a metamorphilc raclgs. The
metamorphlc facles are observed to increase In z‘rade downwards corresponding to
the original- geothermal gradlent w.'hlch Is Mferred to have mostly been

o
temperature dependent

The maljor obser,\'ed petr'ologlc effects of what appears to be fluld dominated

‘<
i

alteration across a very high geothermal gradlent may be summarized as follows:

1) The development of the_characterlétl.é greenschist metamorphlc mineral
assemblage of mafic rocks comprised of alblte + actinolite + chlorite + sphene in

the lower sheeted dykes and upper isotrople gabbros.

. 128
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-11) The development of a restricted transitlonal metamorphic zone
characterized by the mineral assemblage epidote <+ albite + magneslé -

hornblende + sphene + chlorite In the lower isotroplc gabbros.

111) The development of hydrothermal anorthite + magneslo - hornblende in

the lower Isotroplc gabbros and layered gabbros. .

Iv) The development of rodingitized gabbros In the vicinlty of serpentfinite
intrusions into gabbrolc parts of the ophiolite, The rodingitized gabbros are
characterized by calc - sllicate alteration assemblages of anorthite + dlopside -

ttemolite + andradite + prehnite + calclte.

The whole rock geochemistry of the altered rocks Indicates that the alteration
observed may have geen caused by: )

a) Near pervasive but heterogeneous hydration reactlons Involving the mafic
minerals of the sheeted dykes and gabbros and the transformatlon of calcle -
plagloclase feldspars to albite; a process Involving the flxatlon of Na~ from the
hydrothermal fluld and the release of Ca®“zfrom the rock mass Into the fuld.
The fixatlon of Mg via the formatlon of chlorite and‘ the overall loss of Si. K. Fe.

Mn from the rocks to the alteration fluids.

b) Restricted hydratlon alteratlon of the lower lIsotrople gabbros and
underlying rocks. The decrease 1s a direct function of th.e decrease In

fracture/veln density®*ln the underlylng rocks.

’

~

¢) Oxidatlon reactions that have resulted In the increase In the ferrous/ferric

fron ratlos of most altered rocks.

‘

d) Ca - metasomatism in the lower gabbrole rocks resulting in the formation

v

of rodingitlzed rocks.
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€) The Increaseé of B and Cl abundances up to five fold above average basaltlc

values.

f) The Increase of 87Sr/“Sr ratios of the altered rocks.

g) The complex mO/'60 whole rock Isotope prohle which in addition to:the

low values for sheeted dykes, alsg\has high values for the gabbros.

~

h) The presence of very negative l3C/":C values for late stage veln and

fissure Nlling carbonates.

1) The presence of low and high salinity fluid “Incluslons of ~varying

homogenlzatlon temperatune.

» N Y

A generél model for the postmagmatlic alteratlon of the Troodos ophlolite

. 4
that tikes Into account the above noted features Is proposed as follows:
\ -' . -

The\f:’sl‘roodos.obhlollte formed at a spreading centre 85 M.a. B.P. In a supra
subduction zohe%en\'lronmeni. The extrusion of iava at a temperature of about
1200°C lnto\\; cold aqueous en\"lronrrhle‘m with an average temperature of about
1°C caused raﬁld cool'lng.and_ contraction of the lava which In turn caused an

increase in the bulk permeabifjity of _L'hé rock. The greatly Increased permeability

-

of the Jpper part of the newly formed oceanlc crust then made further cooling
t

possible by the convectlve mass transfet of seawater through' t.he rock.

The convectlve heat loss caused seawater to circulate vigorously In the upper
part of the crust, down to near the base of the sheeted dykes. This caused the
near pervasive alteration of the pillow lavas and flows as well as the the sheeted
dykes. Fluld flow In this upper part of oceanlc crust was Immediate and
vigourous, and where the return flow was }‘ocussed upwards through major

aqulducts, appears to have led to the massive sulphlde and oxlde base metal

.
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deposits of the opmoll\e. :I‘he major feature of this upper crustal initial
postmag'matlc actlvity was the significant hydratlon of the crust which appears to

have lead to a slight Increase in flufd salinity.

Fracture propagation Into the plutonic part of the ophlolite was
concommittant with deep fluld -penetration w.hlch led to the hydrothermal
alteration of parts of the rock mass. As In the upper part of the ophlolite

sequence, the process was mainly dependent on fracture permeabllity and hence

not pervasive. The contlnued propagation of fractures into the ultramafic .

cemulates caused extensive segpentinlzation.

4 ~

Tﬂe process of serpentirlzation released Ca°~ into the cl-rculating
hydrothermal flulds of the lower part of the sequence and significantly altered the

fluld chemlistry. This process,. together with the osmdtic effects of the

serpentinization process on the restdual flulds led to the development, in the

lower oceanlic crust, of a fluid that ‘was hypersallne and that caused the formation

“of rodingltes.

The .pres'ence or._spllltlzed basalts in the hppér ophlolite sequence and
rodingites In L-he lower sequence Indlcates ‘the operation of at least two chemlcgll)'
distinct postmagmatlic alteration processes at the Troodos ophlolite. This in turn
Indlcat‘es the de\'e}ppment of at lc;ast two distinct fluld regimes, and In an
environment whose permeablilty was dominantly fracture controlled. the

possibility of mixing of the MMulds must have been large.



Appendix A
ANALYTICAL METHODS AND
RESULTS

A.1. MAJOR AND TRACE ELEMENT ANALYSIS

Whole rock samples were cut by dlamond saw into sections about lam thick
and the sections were then reduced to chips using a Jaw crusher. The sample
chips were cleared of Fe and Cu contap;lnat\on from the Jawcrusher and saw by
use of .‘\1203 abrasives. After washing and blow drylng the sample chips they

were then pulverized In a tungsten-carblde coated Bleuler mill.

Utilizing the method of HARVEY ET. AL. (1973). thg'resultlng powders were
then made into clrcular glass discs by taking 2.m of commercially availlable
Spectrofiux-105 composed of lithium tetraborate 47.03°Z, llthlum carbonate
38.83%%. and lanthanum oxide 18.34%3, 0.0287g of sodium nlitrate and 0 3;33; of

.

sample. The mixture was then fused In a platinum crucible until it was

homogeneous and bubble'-l‘ree at 1000° C an'd the melt poured onto an aluminium

“ plate at a temperature of 250°C and pressed Into a glass disc. The glass dlscs
were analysed using the heavy absorber fuslon technlique of }{ORRISH and

HUTTON(1969) for the major elements with the exceptlon of sodlum by X-ray

fluorescence spectrometry using a Phlllps PW-1450 automatic sequentlal
spectrometer fltted with a Cr tube. Sodium determlnations were made on pres'sed
powder pellets which conslst of 2.00g of finely powdered sample mlixed thoroughly
with 0.20g of somar binding .agent, and backed by borle acld,all pressed
hydraullgall.y at 8,000 kg/cm"z. The pressed pellets were run on the XRF
spectrorr;eter with a Cr tube at 60KV and 45MA as was also the case for all the
other major elements. The trace elements Nb , Zr ., Y . Sr. Rb. Pb, Zn . Cu.

N1, Cr.Ba, V.S and Ga were also determined by XRF on the aforementioned
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pressed péwder pellets. Accuracy checks were made using international standards
and unknown duplicate samples. Results showed that malor element
determlnations were accurate within 3% of the amount present and trace
elements accurate within 109%. The data was reduced using a computer program

developed at UWO by WTU(1984).

Au. U, Th and B were determined by Neutron Activatlon Analysis at X-Ray
Assay Laboratories In Don Mills, Ontarlo. Duplicate analyses showed a precision

of 3¢¢.

Volatile content or loss on 1gnitlon(LOI) was determined by the weight loss of

.

sample powder apon heating for two hours at 1100°C.

Ferrous 1iron was determined wusing the cold tltration meth.od of
WILSON(1955). This Involved taking 0.25g of sample and 0.05g of ammonlum
metavanadate(AMYV) and dissolving both In 5 ml cold 40 HF acld. The ferrous
Iron p‘l"esent In the sample was oxldlzed quantitatively by the AMV, and the
excess amount was then tltrated against standardlized ferrous ammoniuni sulphate
solutlon(FAS). The amdunt of FeO In the sample was this equal to the'!nltlal

AMV minus the AMYV titrated.

The reproducibllity and accuracy of analysls was found ‘to be dependent on

the procedure of the standardfzavlon of the FAS. Repeated use of International
standards BCR-1 and SY-3 (with ‘each 4 sample run) indicated an accuracy of
5. ) '
A.2. MINERAL CHEMISTRY

Polished thin sectlons 25mm !In diameter wex:e carbon-coated and probed

. . - ?‘
using a Materlals Analysis Comgany(MAC) electydn micropgobe model 400 linked

LY : .
to 3 spectrometers and a Krisel control automation sx'stem which converted

~

’
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counts recleved by the spectrometers Into element percentages after correcting for

machine condlitions using the program MAGIC.

Operating conditlons were 15 to 20 kV exlitation voltage and 0.20 to 0.40 uA
beam current for 30 seconds or 20000 counts per analysis.Standards employed
were well analysed known mlnerals.‘E’}'eclslon was determined by repeated analyses
per mineral grain and under stable working conditlons was within 3¢¢.

A.3. RARE EARTH ELEMENTS

Rare Earth element concentratlons were determined by Spark Source
spectroscopy using a JEOL mass spectromter JMS-OIBM-2 and collected on llford
Q2 spectrographic plates. Sample preparation followed the method of
TAYLOR(19865), and the specAtrographlc plates were ;.nalysed semléuantltatlvely..

The concentratlons of the elements were estimated to within a factor of 3.

All analytical work l.e. major and trace element_ whole rock analysls by X- )

Ray Fluorescence, mineral chemlistry analysis by Electron "Mlcroprobe. rare rarth

.element analysis by.Spark Source Spectroscopy were performed’in house atﬂ Uw

by the present writer. Additlonal analyses were performed by X-Ray assay

Laboratorles, Don Mills, Ontarlo, for the elements Au, Th, U, and B by neutron

activation analysls.
A.4. OXYGEN AND CARBON ISOTOPE ANALYSIS

;‘Whole rock powders were obtalned by crushing chips approximately 2cm by
2cm to -200 mesh In tungsten carbide mlils. Milneral sepera.ﬂons were perfarmed
by means of standard techniques employing heavy 'llqulds In conjunction with a
Franz isodynamic electromagnetic ée;;'erator. Conventlohal methods were
employed for the liberation of slllcate mlnera]s.wlth bromine pentafluoride,
followed by quantitatlve cor}ve;slon to CO, ( see CLAYTON and MAYEDA,

-
1963).
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Carbonate minerals were reacted with 1007 HJPO‘ at 25°C isee McCRAEF,
1950). The lsotoplc abundance ratlos “'ére measured on a VG Micromass Sira 9em
triple collecting z‘automated mass spectrometer, .and are reported as ¢ values in per
mil. The oxygen standard s NBS-28 quartz, which gives a. value of 9.8 per mil
(sece COPLEN ET. AL., 1983). The gcarbonate standard Is the Cretaceous age

PeeDee Belemnite (PDB) where:

5" 0(SMOW) = 1.03086 x (§'%0,,,,,) + 30.86

DB

The reproducibility of 6'%0 values averages +/- 0.18 per mil(20).

-
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A.5. MAJOR AND TRACE ELEMENT ANALYSES

L 4

UNALTERED DIABASE

: 36

S.& 253 234 220 212 145
D. (m) 266.5 356.8 {82.7 515.7 836.2
10, §3.7 63> 54.7 56.0 48.4
T30, 1.3 1.0 0.8 0.9 1.1
Al,0, 15.2 15.4
Fe,0, 12.4 8.9
MnO 0.1 0.1
Mg0 4.8 2.3
" ca0 9.5 6.8
K,0 0.1 nd
P,0¢ 0.1 0.1
Na,0 2.5 2.8
Lol 0.8 0.7

-l
Total 100.3 1Q1.2 100.1 100.5 100.7
Sppm’ .- 56 .44 - 260 -
Y - 800 600 - 557
cr . 10 30 30 10 90
Co - 90 85 - , 60
N1 - 20 20 - 40
Cu - 30 30 - 60
Zn .- 30 25 - 50
Ga = 5 10 .- 10
Rb 10 1 5 10 2
Sr 110 . 120 105 90 130
Y 20 10 20 30 20
Zr 50 40 50 20 - 30
ND 10 6 - 10 10 15
Ba . = - 30 20 - 15
Pb - o= 7 5 - 5
U - : - <1 - '<0.1
Th - - <1 - <1 ‘
Au(ppd) -. - <18 - <10
Pb - - 5 - 5

- hY
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ALTERED DIABASE i
s# Y 292 291 286 285 280
D. (m), 0. 20.8 23.8. 74.0 82.6 117.7
s10, 58.2 44 .8 53.8 50.1 83.5 54.6
T10, 1.0 0.4 1.1 1.0 0.7 4:4
AA1,0, '14.4 16.7 14.8 15.9 13.9 15.5
Fe, 0, lo.s 14.1 11.8 107s ° 8.8 12.4
MnO 0.1 0.2 0.1 0.1 0.2 0.2
MgO 4.3 8.7 . 4.0 "3.6 8.3 5.0
Cal 7.3 11.4. 7.6 8.6 - 6.7 7.2
K,0 nd nd 0.1 0.2 nd nd
P,0g¢ 0.1 0.0 . 0.1 0.1 0.0 0.1
Na,0 3.8 0.6 3.5 2.9 3.0 3.1
LOX 1.9 1.3 <Y 7.3 & 5.8 2.0,-
Total = 101. 98.2 100.5 100.3 100. 101.5
Sppm 60 130 - - - 160 200
v 510 400 - - - 380 8§30
Cr 40 50 10 10 135 -36
Co 88 40 - 10 55 60
N1 25 20 T - - 65 25
Cu 30 60 - - 6Q 40
Zn 30 120 - - 60 60
Ga 10 70 - - 10 18 °
RD 15 2 --10 10 10 . 10
Sr _ 160 100 100 20 100 140
Y < 20 20 - 20 20 20 20
Zr 60 190 30 30 40 75
Nb 20 40 20 30 10 15
Ba ° . 30 - - - 8 20
u - 0.1 - - - <0.1 <0.1
Th - <1 - - <t <1
Au(ppb) - <15 - - <10 <15
Pb - *10 - - - 10
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_ ALTERED DIABASE -
s# 275 271 267 257 254 251
D. (m). "160.9 180.4 196.0 242.5 255.3 279.8
i S10, * 83.0 53.2 §3.9 §7.3 55.8 £5.7
Ti0,” 0.8 1.2 1.2 1.3 1.0 1.3
Al,0, 15.7 15.3 15.9 15.3 15.1 15.3
Fe Oy §.5 10.7 11.0 5.7 7.4 5.7
Mno 0.2 0.2 0.2 0.1 0.1 0.1
Mg0 6.8 5.5 5.6 5.2 4.5 6.2
ca0 - 8.7 8.5 . 6.8 6.7 8.6 6.8
K;0 nd nd. nd nd 0.2 nd
P,0g 0.1 c.0 0.1 0.0 0.1~ 0.1
Na,,0 1 2.3 3.6 4.3 4.3 4.3
Lo 2.0 4.4 1.4 3.6 3.5 2.7
Total 101. 99.4 '99.6 99.5 100.4 999
Sppm 50 1310 40 35 - -
v 460 _.3990 500 690 - 180
, Cr " 65 50 45 ~ 35 20 30 °
Co 70 130 60 - 80 - 70
N1 40 50 30-- 30 - 10
Cu 30 60 40 30 - 30
Zn 30 120 30 20 - 20
Ga 15 70 15 15 - 10
Rb 10 2 20 - 15 20 6
Sr 150" 330, 165 75 100 120
Y .20 130 30 30 10 20
Zr 60 570 60 o 80 20 10
_ Nb 20 2d 20 20 - 20 10
" Ba 30 20 20 10 nd -
u <0.1 0.2 0.1 0.2 - <0.1
Th L <1 <1 <1 - <1 <- 1
Au(ppd) - <10. <20 <20 - 36
Pb 10 - 10 10 - -
. L ]
] 4 .
>
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ALTERED DIABASE
S# 246 § 238 . - 232 229 227 225
D. (m) 307.8 369.7 406.9 430.0 443.9 462.1
S10, 57.1 53.5 52.9 63.6 50.7 48 4
Ti0, 1.3 0.9 1.0 1.1 0.8 0.1
Al,0, 15.1 ° 14.3 15. 15.2 15.4 18.1
Fe,0, 11.2 9.7 Pt 10.8 8.7 2.9
Mno 0.1 0.2 0.2 0.2 0.2 0.0 <
MgO0 3.4 5.3 5.6 6.4 8.2 2.5 '
Ca0 6.0 8.1 8.7 8.8 12.1 14.7
K,0 0.0 0.1 0.9 0.0 0.1 0.1
PO 0.2 0.1 0.1 0.1 0.1 0.0
Na,0 2.9 3.6 2.0 3.8 1.7 0.7
LoI 1.1 3.9 3.8 1.8 1.9 13.0
Total 98.2 99.6 100. 101.7 99.7 100.7
Sppm 40 - 100 70 - -
v 90 - 510 360 - - ?
Cr 30 50 90 nd 260 10
Co 20 - 70 60 60 -
N1 20 -° 40 50 - -
Cu 40 - 50 30 - -
Zn 40 - 60 40 - -
Ga 30 - 10 20 - -
RD 20 10 10 20 10 10
Sr - 180 100 130 150 60 40
Y 30 20 20 20 10 10

Zr 100 10 70 60 10 10 '
Nb 30 20 15 25 10 10
Ba nd - 10 nd - -
U <0.1 0.2 0.1 0.2 - <0.1

-Th 1 <1 <1 3 - -
Au(ppdb) 47 <10 <10 <15 - -,\
Pb 20 - 3 - - -

{
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ALTERED DIABASE

Ss 211 207 208 168 167 166

D. (m) 519.8 535.8 556.8 742.5 745.8 750.7

510, 54.0 51.1 51.9 54.6 55.2 51.2
* T10, 0.9 0.8 0.2 0.3 1.0 0.2

A1,0, 156.7 13.0 18.5 16.9 15.2 15.2

Fe 0, 10.7 9.2 5.4 5.4 3.8 6.2

Mno , 0.1 0.1 0.1 0.1 0.0 0.1
MgO 5.2 4.5 7.9 7.3 5.9 9.3

Ca0 7.8 - 10.5 13.1 10.2 12.1 10.0

K,0 nd 0.1 nd 0.1 0,2 0.2

P, 0 0.0 0.1 0.0 0.0 0.1 0.0

Na,0 4.0 ‘3.5 1.9 3.8 4.2 2.8

LOI 2.4 7.5 1.8 2.2 2.5 4.9
" Total 100.6 100.3 100.7 100.7 100.4 100.2

Sppm 40 - 90 - - -

\' 520 - - - - -

A Cr - 10 50 120 30 230

Co 50 - - - - -
N1 - - 40 - - -

Cu - 30 - - - - -

Zn 30 - - - - -

Ga 10 - - - - -

Rb - 20 10 - 10 10 10

Sr - 30 160 80 150 80

Y 20 20 20 30 20 10

r ’ 50 10 40 10 40 10

Nb 20 10 20 10 40 10

Ba 30 10 . 30 10 20 10

U .0.1 - <0.1 - - -

Th <1 - <1 - - -

Au(ppd) <10 - <10 - - -

Pb 10 - - - - -

J
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Sppm 60
v

. 360
Cr =220
Co 60 °
N1 70 .
Cd 40
Zn 50
Ga 10
Rb 5 -
Sr 110 -
Y 10
Zr 40
Nb 10
Ba 20
U 0.1
Th <1
Au(ppd) <10
Pb 10

b S

650
500
100
60

40

70
100
10 .
10 y
150
20

70 -
20

10
<0.1

- <1

<10
5

40
270
410
70
120
30
50
10

20 -

50
20
40

- 20

+ 0.1
<1
" <5

50
870
40
70
40

50
20
10
160
20
40
20

0.1

<

<15
5

<

80
500"
40
50

40

40
30
20

150
30
80
30

<0.1,
<1
<15

s
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FRESH GABBRO

; S# 119 117 001 007 017 018

! D. (m) 980,0 994.1 10462 -1077.5 1123.2 1155.0
S10, . 47.1 v B3.5 53.8 §8.1 48.3 50.2
T10, 1.3 ¢.3 0.3 0.8 0.2 0.2

] A1,0, 15.9 12.0 15.1 13.7 17.4 23.2

i Fe,0,, 13.2 9.2 6.4 5.1 8.2 5.6

: MnO “0.2 0.2 0.1 0.1 0.1 0.1
MgO 6.8 10.1 - 7.2 4.3 10.4 5.5
Ca0 11.8 10.2 12.1 12.0 13.1 11.9
K,0 0.0 0.0 0.0 0.1 0.1 0.0

, , P,0g 0.1 0.0 0.0 0.1 0.0 0.0
Na,0 1.8 1.8 2.8 6.3 0.7 2.2
LOI 0.2 - 09 0.7 0.8 1.0 0.8,
~. ) ‘ ‘ ,
Total 98.2 . .98.1 98.3 101.0 99.5 99.7
Sppm - 50 60 60 - 50
v 400 370 180 170 Co- 100
« Cr 50 180 150 150 190 100

Co 130 90 80 80 .- 60
N1 20 85 80 40 - 50
Cu 180 30 30 30 - - 30
Zn 120 - 40 30 20 - 20
Ga . - 20 ¢ 10 10 20 - 10
Rb. 5 5 5 15 - 20 nd
Sr 100 - 80 90 - 100 40 - 120
Y 40 15 25 30 10 5
Zr 70 30 30 60 10 10

: Nb 40 10 15 20 40 5

) Ba 10 25 30 nd - nd

§ v <0.1 0.1 <0.1 0.3 <0.1 <0.1

t Th - <1 <1 - <1 <1
Au(ppdb) <20 <18 <15 . <15 <10 <20 .
Pb - - 1 3 - ‘ 1

|
| : |
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FRESH GABBRO

S# 023 038 044 048 ‘068 086
D.(m) 1186.3 1245.3 1367.7 1405.9 1564.2 1724.3
S10, 48.3 46.5 50.8 49 .7 50.4" 50.3
‘1‘102 0.3 0.2 0.1 0.1 0.1 0.1
Al,04 17.8 15.5 16.6 13.4 17.8 16.2
Fe 0, 8.0 3.4 8.4 6.3 5.5 5.3
Mno 0.2 0.1 0.1 . 0.1 0.1 0.1
MgO 9.6 7.4 10.8 12.6 9.2 11.6
Ca0 14.2 22.7 15.1 16.1 17 .4 16.3
K,0 0.0 nd nd 0.0 nd nd
PO, 0.0 0.0 0.0 0.0 0.0 0.0
Na 0 0.7 1.5 0.5 0.3 0.5 0.3
Lor 0.2 2.7 0.9 1.0 0.5 0.6
Total 100.1 89.9 101.2 99.7 101.6 99.7
Sppm - - "180 - 170 70

v - 400 270 - 250 218
cr 80 500 250 310 570 380
Co - 45 70 - 90 90
N1 - 70 100 - .90 Q0
Cu - 30 100 - 50 30
Zn - 10 30 - 30 30
Ga - 10 20 - s 5

Rb 10 5 20 20 10 nd
Sr 40 160 80 10 70 45

Y 10 10 - 20 .10 10 10
Zr 5 20 40 5 25 15
Nb 10 10 25 10 15 5

Ba - 2 5 - 10 15

u - 0.1 <0.1 - 0.1 <0.1
Th - <1 <1 - <1 <1
Au(ppd) - <10 <10 - <20 <156
Pb - 1 .5 - 1 1
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FRESH PYROXENITE
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S#» 101
D. (m) 1819.8 1847.1
S10, 49.8 52.2
‘1'102 0.1 0.1
Al,0,4 ¥ 2.8 13.1
Fezo3 7.8 5.3
MnC 0.1 0.1
MgO 20.5 13.7
Cad 16.5 15.1
K,0 ) 0.0 - 0.0
P,0q 0.0 0.0
Na,0 0.2 0.1
LoI ) 1.0 0.6
Total 99.2 100.3
Sppnm - 80
A - 215
Cr 1910 1685
Co - 70
Ni - 215
Cu - 30
Zn - 30
Ga 5 -
Rb 10 10
Sr 5 40
Y 20 15

5 30
Nb 10 20
Ba - 20
U - 0.1
Th - <1
Au(ppb) - <185
Pb - -
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ALTERED GABERO
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S= 149 139 130 126 054
D. (m) 821.5 863.3 919.1 ."941.1 960.8 i438.0
S10, 52.8 60.0 53.5 49.8 52.8 48.4°
T10, 0.4 0.2 0.3 0.3 0.6 0.0 *
A1,0, 13.7 14.8 4.5 3.9 16.5 23.3
F$,0, 5.3 2.3 8.1 8.6 9.8 3.7
Mno 0.1 0.0 0.2 0.1 0.2 0.1
Mg0 9.1 5.3 15.4 .. 16.7 64 7.1
Ca0 10.8 11.4 13.7 - 16.6° 7.7 16.8
K,0 0.2 0.2 nd 0.0 nd 0.0
P,0g 0.1 0.0 0.0 0.0 0.0 0.1
Na_ 0 3.3 4.6 “0.7 0.5 2.7 0.5
Lol 4.7 1.5 2.8 3.3 2.0 1.3
Total 100.5 100.5 99.1 100.2 98.7 101.0
Sppm - - 707" - 550 60
vV - - 380 - 120 150
‘Cr _ 170 130 1085 1450 . 320 210
Co - - 80 - 20 60
N1 - - . 160 - T 90" 70
Cu - - . 40 - 440 60
Zn - - 40 - 30 20
Ga - - 10 - 15 12
Rb 10. 10 15 10 20 20
Sr 380 240 40 10 120 90
Y 30 10 20 10 20 20
Zr 60 60 30 5 60 30
No 29 30 20 a0 30 20
Ba - - 5 - - 10
U -* - <0.1 - <0.1 0.1
Th - - <1 - <i <1

- dulppd) - - <10 - - <20 <15
Pb - - - - 10 5
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ALTERED GABBRO
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S# 118 L1114 108 012 013 015 .
D.(m) 983.6 995.8 1038.0 1115.5 1122.8 1156.9
10, 76.3 54.4 56.9 5.3 45.3 5.2
T10, 0.3 0.8 0.3 1.2 1.8 0.8
A1,04 12.0 16.6 17.3 18.2 15.6 9.0
_Fe 0, 0.8 2.6 1.7 3.8 14.7 9.5
. MnO 0.0 0.0 0.1 0.1 0.2 0.2
MgO 1.0 4.5 2.2 3.6 6.3 9.8
ca0 3.9 13.5 18.2 8.4 11.4 12.6
" K0 0.0 6.0 0.0 0.0 0.0 0.1
P,0g 0.0 0.1 0.1 0.2 0.1 0.0
Na,0 5.2 4.8 2.1 7.9 2.1 1.5
LOI 1.1 35 1.2 4.3 1.5 1.2
Total 100.2 100.5 100.1 100.8 98.7 89.9
Sppm 60 - 40 180 180 -
v 40 - 80 250 1150 -
cr 20 40 40 40 30 260
Co 80 - 60 65 15 - i
N1 5 - 20 45 30 -
Cu 20 - 30 40 50 -
Zn 10 - 10 50 40 -
Ga 2 - 10 15 10 -
Rb 10 10 5 15 10 5
Sr 90 150 30 90 130 40 <
Y ‘10 20 10 30 20 30
2r 40 30 40 50 30 20
ND 10 10 5 20 10 -
Ba - - - 20 - -
Pb 2 - - - 5 5
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ALTERED GABBRO

. S# 057 059 060 063 , 064 065

. D.(m) 1470.8 1478.5 1480.8 1496.0 1503.1 1520.2
$10, 56.1 50.2 47.7 46.8 '50.7 48.4
T10, 0.0 0.1 0.1 0:1 0.3 0.1
A1,0, 13.7 7.0 17.1 141 12.0 20.2
Fe, O, 5.8 6.7 7.8 8.9 7.8 5.8
MnO 0.1 0.2 0.1 0.2 0.2 0.1

- Mgo 5.1 18.7 _ 1t.1 11.6 10.5 7.7

Cao 16.8 13.7 13.2 12.8 15.8 14.2
K;0 - nd nd nd nd nd . nd
PO, 4 0.1 0.1 nd 0.0 0.1 0.0
Na,0 nd nd 1.0 0.1 0.2 1.0

{ _LOI( 2.9 4.5 3.0 5.2 2.6 2.8

Total 100.3 101 .4 101.1 100.0 100.2 100.3

: Sppm 110 70 570 180 300 330
’ o v . 100 340 300 340 430 230
' cr 260 700 160 210 160 175
Co - 50 65 75 90 65 . 60 r
N1 50 120 90 100 75 8s
‘ Cu 50 40 ~ 65 60 40 ‘105
; Zn 25 40 40 50 40 ‘40
E Ga 20 10 10 15 10 10
. Rb 10 s 10 10 - 15
: Sr 180 ° 30 90 65 20 100 .
; Y 10 10 10 15 10 18 <z ‘
: Zr 20 " 18 30 - 25 25 30 T
Nb 10 10 20 « 20 5 20
Ba 40 40 20 - 25 30N 15
Pb 5 5 5 15 5 5 Y
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~
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E s# 086 071 ' 073 076 081 084
| D.(m) 1536.7 1604.3 1618.4 1635.1 1676.0 1708.3
S10, 54.9 50.2 52.1 51.6 49.4 49.0
T10, 0.1 0.2 0.1 0.4 0.1 0.2
Al,04 2.8 20.6 7.3 16.2 10.4 16.0
Fe,0, 5.8 1.4 4.1 6.4 6.3 5.2
MnO 0.1 0.0 0.1 0.1 0.1 0.1
Mg0 17.5 8.3 12.7 8.5 . 13.9 7.8
Ca0 18.8 18.8 21.7 14.7 13.3 15.0
_K20 nd nd nd nd nd nd
P,0¢ nd 0.1 0.1 0.1 nd 0.1
' Na,0 ‘nd- 1.4 nd 1.4 0.6 r}d_
. Lot 1.7 1.4 2.1 1.0 4.6 6.8
TR .
) Total ... 101.8 100.3 100.2 100.5 98.9 100.2
—-
Sppm 240 - - 950 175 ”%'70 130 1240
; v 370 160 3% . Y400 270 230
! ; cr 1610 110 950 210 510 280
! " Co 65 50 50 65 70 6
<j/g N1 150 55 110 90 125 75
: Cu 65 30 50 30 60 45
: Zn 30 10 20 20 20 30
N\\\f‘ Ga ‘10 10 10 20 10 10
i Rb s 10 - - 15 10 10
! Sr 20 130 120 120 60 100
S Y 10 10 5 15 10 10
t Zr 20 30 10 35 25 20
i Nb 10 18 5 20 10 5
, Ba 30 - ‘28 - 20 10 25
Pb 1 2 5 5 - N\ s
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ALTERED GABBRO
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s# 087 089 093 098 099 vl 104
D.(m) 1730.6 1742.7 1764.0 1803.0 1808.9 1816.7
S10, 53.4 1 49.7 50.1 84.9 44.5 51.5
T10, 0.0 0.2 0.1 0.1 0.1 © 0.1
A1,0, 1.1 16.8 11.4 2.5 .20.3 2.2
Fe,0, 4.1 4.6, 4.7 5.5 3.3. 5.2
"‘MnoO 0:1 0.1 0.2 .0.1 0.1 0.1
Mg0 17.7 10.0 8.8 18.5 10.8 18.3
Ca0 - 18.8 ., 14.7 22.3 18.5 “11.8 19.4
K0 nd nd d nd nd nd
P.0g 0.1 0.1 0.1 0.0 0.1 0.0
Na,0 1.0 0.7 0.1 - 1.1 0.2
Lol 4.0 3.6 2.3 1.2 8.7 1.8
Total 100.3 100.1 100.0 101 .4 101.4 99.2
Sppm 70 130 - 126 65 ;
\ 230 250 240 300 100 -
Cr 350 230 600 3600 300 3130
Co 120 70 s €5 120 54 -
N1 80 100 75 180 60 -
cu- 30 30 30 30 40 -
Zn 30 20 20 30 20 -
Ga 15 10 10 10 - 5 -
Rb 10 5 10 - ' 5 10
Sr 110 100 30 10 100 5
Y, 10 5 10 5 ' 10 5
. 2r 20 10 20 5 20 5
NB 10 5 15 5 10 30
Ba 50 15 2 2 5 -
Pb 5 6 1 2 3 -
) a2
<.
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S# 108 053 106
D. (m) 1834.8 1437.7 1843.1
s10, 55.5 47 .4 51.5
T10, 0.0 0.0 0.0
 AL04 1.2 18.6 6.1
Fe,0, 4.0 3.8 5.4
MnO 0.1 0.1 0.1
MgO 19.2 6.4 16.5
Ca0 19.0 22.3 18.2
K,0 0.0 0.0 0.0
P,0g 0.0 0.1 0.0
Na,0 0.0 0.0 0.0
"LOI 1.1 3.5 2.6
Total 100.1 101.9 100.6
. ¥
Sppm 100 6650 80
v 230 220 250
cr - 3960 160 . 3560
Co ‘80 70 60
N1 160 . 90 200 -
Cu 25 ° 40 40
Zn 20 40 30
Ga 10 20 10
Rb - 20 10
Ssr 5 175 20
Y : 5 15 ° 10
Zr ° 5 20 20
Nb - 10 10
Ba 10 35 20
Pb - 5 5
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Table 5.1
) X * ~
ANALYSES OF RODINGITIZED GABBRQ FROM CY-4.

St 008 _Bs1 B8O R4 . B77 B62
.D.(m) ., 1Q73.2 "1236.7 1310.2 1322.0 1428. 1537.0
si0, 35.7 47.8 46.5 32.9 30.1 51.5

Ti0, . 0.0 0.8. 0.5 0.4 0.8 0.8
Anzég .21:5 13.6 22.1 19.8 20.7 14.1
Fe, O, 4.3 6.6 2.9 4.4 3.6 1.5
MnO 0.0 0.1 - 0.0 0.0 0.0 0.0
MgO0 10.0 7.2 1.5, 12.8 12.9 0.0
Ca0 24.1 15.5 22.0 - 24.4 26.6 18.8
K,0 0.0 Q.1 0.1, 0.1 0.1 " 0.1
P,0g 0.0 Q.o 0:1 5 0.1 0.0 0.0
Na 0 0.5 d.g;r 1.3 0.9 2.9 2.0

LOI 2.9 7.1 4.2 . 3.2 1.8 4.3 .
Total 99.2 99.8 100.3 - 98.8 .99.6 100..1
{
Rbppm 10, 20 ° 5 10 20 10
sr 260 40 * 30 290 190 -+ 70
Y 10 10 5 , 10 30 ' 10
Zr 5 5 10 A0 5 5
Nb 5 20 20 10 20 10
. Ba 5 30 20° 5 20 . 2Q
T
- * N
cl .
3 - 3
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A.6: FERRIC/FERROUS IRON RATIOS

S.s - Fe(Wt. %)= . Fet€ll) s Fe(II)/Fe

FRESH DIABASE .
253 12.4. | t 72 . 0.6
234 8.9 7.7 0.9
220 8.7 5.4 0.6%
212 12.1 6.5 . 0.5
145 ‘ 12.9 7.9 0.8 -
FRESH GABBRO .
119° ©13.2 . 8.5 *© 0.6
117 A - 9.2 7.1 0.8
017 \ 8.2 8.8 0.8
023 . 8.0 6.9 . 0.8
036 7.8 6.4 . 0.8
068 5.4 4.3 0.8
=Fg= Total iron in sample.

4

.
v
L v
( t
(4 e -
Y
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Fe(II)/Fe
.5

tFe(Il)
5.8

.5

Fer
10

ALTERED DIABASE

286
254
238
229
227
211

o O
O O

7
.3
.1

9.

‘0.5
0.8
0.5
0.
0.6

1.
4.
.8
2.6
1
3.5
2.9

.2

10.0
5.4
6.3

Total iron.

209
207
184
168
167
166
149




154

re(lI)/Fe

Fe(II)

Fas

ALTERED GABBRO
1268
008
012
030

0.5

8.8

3
4

0.
2.
2.
1

0.8

2.6
7

039
059

-]
.0

1
.0
.9

.7

1

063
064
068
Q73
o84
089

- -

7

.7
.5

1

0

.3

6

7

Total iron.

——— et o o




ALTERED GABBRO . .

‘S# 024 038 . 039 040 042 047

D. (m) 1196.9 1283.0 1§13.8 1330.0 1347.3 1395.2
s L s10, 349.2 51.1 50.3 47.0 53.6 48.7
Ti0, 1.2 0.2 0.9 1.8 0.4 0.1
A1,0, 15.4 13.3 15.6 17.5 13.8 24.1
Fe 0, 10.1 7.8 2.4 1.0 4.8 5.3
MnO 0.1 0.1 0.0 0.0 0.1 .01 )
Mg0 4.7 17.3 8.0 5.5 8.4 0.2
Ca0 14.4 15.0 18.9 18.7 15.0 16.0
K,0 0.0 0.0 0.0 0.0 0.0 0.0
P,0 0.1 0.0 0.0 0.1 0.0 0.1
Na 0 2.0 0.8 1.7 2.6 0.9 4.0
LOI . 1.3 2.7 1.1 3.3 7.8 3.0
Total 98.6 100.9 101.2 « 99.8 100.1 101.4
Sppm 188 90 40 - 130 g0
v 1330 330 400 - 400 260 “
cr 30 400 110 - 20 150
Co 60 70 50 - 40 60
! N1 30 90 70 - 20 10
‘ Cu 50 50 30 - 20 30
— Zn 30 . 50 20 - 40 10
o Ga 10 10 20 - 70 20
' RD 10 10 20 5 2 18
‘ Sr 120 70 205 g0 ° 35 . 300
) 4 LY 20 15 30 10 130 20
' 2r 30 30 55 40 190 40
4 NY 20 20 20 10 20 20
Ba 3 20 - 80 - 20
] U 0.1 - 0.2 -~ 0.1 0.1
Th <1 - <1 - <1 <1
Au(ppbd) <10 - <5 - €9 <20
Pb 4 4 4 - - 2
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A.7. RARE EARTH ELEMENT DATA .-
- Sample # 292 271 119 039 042
Depth(m) 21 , 180 980 1314 1347
La 12 25 10 - 5
Ce 25 15 12 - 5
Pr ND 3 1 - ND
Nd 20 10 10 - 5
Sm 10 7 5 - 2
Eu 5 2 1 - i
Gd 3 7 ~ 5 - 1
™ ND 1 ~AD - ND
Dy S 7 2 - 1
" Ho ND 2 ND . - - 1
Er ND 4 ND - ND
Tm ND T ND ~ ND'
{ Yo 3 2 2 - -1
1 Lu ND ND ND - ND
: . SELECT TRACE ELEMENTS .
¥ B 0.2 0.5 0.2 0.2 0.2
: F -470 - 160 160 . 50 20
: c1 . 500 500 500 500 150.
’ 3 Sc 10 30 10 30 10 -
Ge 2 2 2 ) 2
As 7 2 1 2 1
Se 0.1 0.3 0.1 0.03 - 0.1
Br 2 0.5 0.2 0.154 0.2
as
4 ¢

e T8 o o e PO o o Y=
.
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.08
.05
.08

§85°33°233°88" 2"
°OF~EE555000000

555335553555°°

' §°8885°88° 58"

o)

@®»

~3

SELECT TRACE ELEMENTS
1 1
500 © 160
500 §00
30 30

3

.1
0.
0.

¢
2
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N A.8. SELECT TRACE ELEMENT DATA
Samples Au(ppd) Th(ppm) U(ppm)
. DIABASE
2903 23 <1 0.2
251 38 3 <0.1
GABBRO
018 - <20 <1 <0.1
019 - <10 <1 0.1
030 - <1 ¢.1
080 <20 . <1 . 0.2
065 <20 : <1 <0.1
068 <20 <1 T0.1
| | 071 <10 <1 <0.1
076 <5 <1 <0 .1
081 <15 <1 0.1
093 <10 <1 <0.1 :
og8 <10 RS 0.1
106 <18 <1 <0.1
)

it o b .
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A.9. BORON.ANALYIS DATA ,

Sample# B(ppm)
DIABASE

130 A0
GABBRO

024 30

030 20

- 039 20

068 20

076 20 '

093 20 .

098 | 20

- " ULTRAMAFICS
106 20
107 . : 20
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Table 6.5:Select phase data for aqueous solutions of chloride
species commonly found in fluld inclusions.

Dissolugd  Putectit Eutectic Solid Solid

specles"‘*~,temporaturt composition phases melting

- {oc - - relations '

3

~ - - H,0(ice) 0.C,

Nacl -20.8 23.3%NaCl NaCl.2H,0 +0.1.1IC.

- - - NaCl -

KC1 -10.8 19.7%KC1 KC1 -

CaCl, -- -49.8 30.2%CaCl, CaCl,.6H,0 +30.IC.

MgCl, -33.8 ° 21.0%MgCl, MgCl,.12H,0 -16.C.

NaCl-KCl -22.9 20.17%NaCl - -

- - 5.81%XKC1 - -

NaCl-CaCl, -52.0 .1.8%NaCl © - -

- - 29.4%CaCl, - - !
‘. NaCl-MgCl, -35.0 1.56%Nacl - - d
! - - 22.75%MgCL, - -

All temperatures in °C.Composition in Wt .%.C=congruent, —

IC= incongruent.
After CRAWFORD(1981).

PP
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A.10. TROODOS PLAGIOCLASE ANALYSES

i61

S.é .

>

: 008 008 006 008 006 006 -
D.(m) 1073.2 1073.2 1073.2 1073.2 1073.2 1073.2
5102 51.1868 47 .88 48.00 48 .83 47 .50 45.20
Al,04 31.07 32.89 32.89- 33.20 32.74 34.96
FeQO= 0.00 0.00 - .00 0.00 0.00 0.00
Mg0 0.00 0.00 0.00 .0.00 0.00 0.00
Cal 14.87 15.72 15.64 15.74 14.67 18.02
Na,0 2.76 2.48 2.30 1.92 4.20 1.46
K,0 0.04 0.08 0.Q3 0.03 0.03 0.01
Total 89 .70 99 .03 98 .88 $9.72 99.14 99 .65
NO. OF IONS ON THE BASIS OF 32(0)

S1 9.319 8.847 8.870 8.923 8.801 8.363
Al 6.6689 7.161 7.182 7.149 7.149 7.623
Fe(II) 0.000 0.000 0.000 0.000 0.000 0.000
Fe(III) 0.000 0.000 0.000 0.000 0.000 0.000
Mg 0.000 0.000 0.000 Q.000 0.000 0.000
Na 0.978 0.881 0.824 0.680 1.509 0.824
Ca 2.863 3.112 3.097 3.082 2.912 3.872
_\K 0.009 0.019 0.007 0.007 0.007 0.002
AB 25.34 21.96 20.98 18.05 34.07 10.58
AN \;4/1'2 _77.57 78.84 81.77 65.77 89 .42
OR 724 0.47 0.18 0.19 Q.16 O.JO
~N
A

o

-r,

U

?fi’.‘ :



it

. AE—— e

LD

W
TROODOS PLAGIOCLASE ANALYSES

-

¥ B40 021 021 046 013 013
D. (m) 1999.8 1175.4 1175.3 1386.90 1122.8 1122.8
. SiD2 49 .88 55.61 52.03 65.30 ‘. 51.02 51.83
N A1,04 31.13 28.69 31.23 23.00 30.19 30.41
Fel 0.07 0.00 0.06 0.05 0.582 0.30
Mg0 0.02 0.00 0.00 0.04 0.00 0.01
B N Cal 11.10 10.568 11.25 17.35 14.75 14.77
N320 5.77 3.863 4.68 5.05 4.19 3.31
K20 0.43 0.07 0.02 0.00 - 0.00 0.00 s
Total 98 .18 98.48 99.25 100.79 100.67 {00.33
NO OF IONS ON THE BASIS -OF 32(0)
S1 9.228 10.068 = 9.465 . 10.120 9.291 9.3862
Al 6.8186 6.121 6.694 4.960 6.478 6.511
Fe(II) 0.000 0.000 0.000 0.008 0.079 0.046
Fe(III) 0.011 0.000 0.009 0.000 0.000 0.00
Mg 0.008 0.000 0.000 0.011 0.000 0.003
Na 2.079 1.239 1.644 1.792 1.479 1.166
Ca 2.210 2.082 2.193 3.402 2.878 2.875
K 0.102 0.016 ©.005 0.000 0.000 0.000
. »
AB 1 47.35 37.48 42.79 34.80 33.95 28.85
'AN 50.33 -62.05 57.09 65.50 66.05 71.158
OR. 2.32 0.49 0.12 0.00 0.00 0.00
/

.
.‘m o s e &
-




TROODOS PLAGIOCLASE ANALYSES

.

183

. S.# 024 024 245 013 013 013

D.(m) 1196.9 . 1196.9 321.4 1122.8 1122.8 1122.8

510, 56.10 65.87 B7.15 84.71 §0.95 50.70

A1,0, 26.96 26.81 "25.68 29.26 30.72 30.68

FeO 0.00 0.00 0.40 0.00 0.00 o %o

Mg0 0.00 - 0.00 0.02 0.00 0.00 0.00

Ca0 10.15 10.23 9.47 13.18 14.48 13.99

) - Na,0 5.16 5.20 6.43 3.65 3.30 3.46

: K,0 0.04 0.03 0.05 0.02 0.08 0.04
-t ‘ Total 98.41 98.14 99.18 100.82 99.50 98 .87

2 .
. ->
NO OF IONS ON THE BASIS OF 32(0)

s1 ., 10.213 1%.207 10.365 9.790 9.319  9.323

Al 7 5.784 5.771 5.484 6.170 6.621 6.648

Fe(l1I) ©.000 0.000 0.061 0.000 0.000 0.000

Fe(III) 0.000 0.000 0.000 0.000. 0.000 0.000

Mg 0.000 0.000 0.008 T 0.000- 0.000 0.000

Na 1.821 1.842 2.261 1.266 1.170 ° 1.234

Ca 1.980 2.002 1.840 2.527 2.837 2.756

. K 0.009 0.007 0.012 0.005 0.012 0.009

AB 47.80 47.83 54.98 33.3¢4  *29.11 30.85

AN 51.96 51.99 44.74 66 .54 70.60  68.92

OR 0.24 0.18 0.28 0.12 0.29 0.23

’t

o ———

a
!
i
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ALl TROODOS HYDROTHERMAL PLAGIOCLASE :
- ANALYSES
S.% 245 245 220 220 « 220 220 -
D.(m)  321.4 321.4  482.7! 482.7  482.7  482.7
4
S10, 68.19 67.52  71.82 74.02 73.04  74.04
Al,0, 20.71  19.17  20.63  19.84  19.75  20.51°
FeO 0.12 1.10  0.24 0.02 0.00 0.22
Mg0 0.03 0.00 0.11 0.02
-Cad 1.59 6.89 0.04 0.31
| Na.,0 9.74 0.01 5.55 5.42
} K,0 0.04 . 0.00 0.09 = 0213 '
L Total  100.42 100.74 100.74 100.78 98.58  100.65
; o , '
| NO OF IONS ON THE BASIS OF 32(0)
| St . 11.839 11.785 12.209 12.432 12.523 12.455
Al . 4.237 3.943  4.132  3.927 3.990  4.066 )
FéCII) ©0.000  0.161  0.000  0.000  0.000  0.000
Fe(III) 0.017 0.000 .0.03¢ ©0.003 0.000  0.031
" Mg 0.008 0.390 0.051 0.000 0.028 0.005
Na 3.279  3.300 2.508 0.003  1.845  1.768
Ca 0.296  0.305  0.042  1.240  0.007  0.056
K . 0.009 0.016 0.002 0.000 0.020 0.028
AB . 91.50 91715  98.27 0.26  98.56  95.48
- AN 8.25 8.42 1.64 99.74  0.39 3:02
OR 0.25°  0.43 0.08 0.00 1.05 1.51
é v . '
; - \ »

b
{
g
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TROODOS HYDROTHERMAL PLAGIOCLASE ANALYSES
S.# 245 =~ 245 | 245 024 - 024 024
D.(d) . 321.4 321.4 321.4 1195.9 . 1195.9 1195.9
A .
s10, 68.08 63.41 - 63.70 65.71 €5.01 67.95
Al,0, 21.27 20.27 21-.84 19.54  20.39 18.36
FeO ©.08 2.44 0.34 0.39 0.13 0.12
MgO 0.0Q '2.95 0.50 0.12 0.05 0.0°
Ca0 2.93 2.43 4.25 1.44 1.82 0.23
Na,0 8.30 8.21 8.40 10.73 11.08 11.63
K,0 0.04 - 0.18 . 0.50 0.00 0.00 . 0.02 .
Total 100.66 - 99.59 99.53 97.93 98.45 98.31 .
- .
NO OF IONS ON THE BASIS OF 32(0)
. . J _
S1 11.773 11.307 ~ 11.321 11.785 ~ 11.627 12.080
Al 4.336 4.259 4.574 4.130 4.297 3.846
Fe(Il) 0.000 0.364 0.051 0.058 0.019. 0.018
Fe(III) 0.009 0.000 0.000 0.000 0.000 0.000
Mg 0.000 ' 0.784 0.132 0.032 - 0013 - 0.000
Nz 2.784 2.838 2.894 3.731 3.832 4.009
Ca 0.543 0.407 0.809 0.277 0.349 . 0.044 _
K 0.008 0.041 0.113  '0.000.- 0.000 0.008 .
AB 83.46 86.37 75.83 ° 93.10  91.66 98.81
AN .16.28 12.38 21.20 6.90 8.34 1.08
OR 0.28 1.25 2.97 0.00 0.00 0.11
- . 4
v\} .
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TROODAS HYDROTHERMAL PLAGIOCLASE ANALYSES

L4

T

S.# 024 024 024 024 c24 024
h ‘ - ) .

Meta-gabbro at 1195.90m in CY-4

S19, 64.33 65.00 66.05 67.52 43.60  44.00

Al,0, 20.56 .55 20.03 20.32 35.64  35.20

FeO: 0.08 0.00 0.01 ~ 0.00 0.00 _ 0.00

MgO0 0.00 0.02 0.00 ., 0.00 0.00 ! o.9e

Ca0 3.01 2.28 1.96 "\ 0.40 19.45 19.88
‘Na,0 | 10.24 . 10.12  10.97  10.41 0.11 0.39

K,9. 0.00 <4 0.18 0.00 .02 0.0t

Total. $8.22 98.15 '99.02. 98.§5  98.82  99.48

-, ‘ b .

NO.OF IONS ON THE BASIS OF .32(Q)

St '11.650 11.637 11.725 12,022 8.151  8.190

Al /. 4.360  4.335  4.190 4.054  7.851  7.720

Fe(II)* 0.012° 0.000 0.001  0.000 0.000  0.000
Fe(III) 0.00Q °~ 0.000 0.000 ~0.000 0.000  0.000

Mg 0.000 0.00§ . 0.000 0.000 0.Q00 . 0.000

N3 3.565 3.513 - 3.776 . 3.5904 0.040  0.14%

Ca .0.879  0.437 0.373  0.076  3.896  3.964.

K 0.000  0.041  0.000 0.000 0.005 @ 0.002
" AB 86.03 88.01 91.01 -\ 97.92 1.0} 3.43
AN --13.97 10.96 899 ' 2.08 - 98.87  96.52

oR - 0.00 1103 0.00 0.00 ' 0.12 0.086

et




TROODOS HYDROTHERMAL PLAGIOCLASE ANALYSES

187

048

B40

S.s 046 046 046 B40
D.(m) 1386.9 1386.9 1386.9, 13868.9 1099.8 1999.8
. S10, 43.54 44.04 44.24 43.82 44°.60 43 .57
A1,0, 34.48 34.68 34.25 * .28 36.39 38.84
Fe0 - 0.12 0.45 0.45 .54 0.08 0.00
Mg0 ( 0.04 0.3t 0.09 0.09 0.00 0.00
Ca0 20.18 19.20 19.71 19.64  20.11 2Q.27
Ne O - 0.35 0.66 0.59 0.47 0.51 0.30
K,0 0.00 10.00 0.00 0.02 0.00 0.00
Total  98.67 99.34 99.42 98.78 101.69  100.98
3 - .
NO.OF IONS ON THE BASIS OF 32(0)
s1 8.190 8.220 8.264 8.238 8.125 8.000
Al 7.639 7.627 7.539 7.588 7.812 7.970
Fe(II&.Om 0.070 0.084 0.072 * 0.012  0.000
Fe(III) 0.000 0.000 0.000 0.000 0.000 0.000
Mg 0.011 0.086 0.0256 ° 0.026 + 0.000 ¢0.000
Na 0.128 0.239 0.214 0.171 0.180 0.107
Ca 4.063 3.839 3.945 3.955 3.925 3.987
K ) 0.000 0.000 0.000  0.005 0.000 0.0Q0
AB 3.08 5.86 5.14 4.15 4.39 2.61
AN 96.95 94.14 94.86 95.74 95.61 97.39
OR *+ 0.00 0.00 0.00 0.12 0.09 0.00
. }
> i
. | 8
, .
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TROODOS HYDROTHERMAL PLAGIOCLASE ANALYSES
S.# 061V 061 061 061 081V 061V
* 4
h VEIN AT 1483.70m
s1o,  67.10 66.o8 &7.64 67.09 66.21 6672
AL,0, 19.69° _20.3¢  20.02 ~ 20.10  19.54  19.52
- FeO 0.00 0.00 0.00 0.00 0.04 0.00
| ; Mgo 0.00 0.00 0.00 0.00  0.00 0.00
| y 4 ' Cal 0.568 0.97 0.59  0.88 0.44 0.28
- b Na 0 11.30  10.13  _.11.13 10.59  12.13  11.76
f K,0 0.a3 P 0.04 0.04 005 000 0.02
| Total  98.68  98.46 €9.42 - 98.71 98.38  98.30
| | NO.OF IONS ON THE BASIS OF 32(0)
| S1 11890 -11.854 11.885 11.864 11.819 11.883
AL 4.111  4.242 4.145 4.188  4.110  4.097
- .Fe(II) 0.000 0.00Q 0.000° 0.000 0.006 0.000
. . Fe(III) 0.000 0.000 0.000 0.000 ©0.000  0.000
¢ Mg 0.000 0.000 0.000 0.000 ~ 0.005 0.000
Na 3.882 3.476 3.792 3.631 4.198  4.061
Ca 0.106 0.184 0.111 0.167 _0.084  0.053
K 0.007  0.009 0.009 0.11 0.000  0.005
AB 97.17  94.74 96.93  95.33 . - 98.03 ° 98.59
, 4%: 2.66 5.01 2.84 4.38 1.97 1.30
' -0 0.17 0.25 0.23  -0.30 0.00 0.11
] . ~ .
. N\
- ‘l/ .
i . i
. / L3
2 ~ i
-
4
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PLAGIOCLASE FRONM

RODINGITIZED GABBRO=

189

S10, 44 .31
Al,0, 34.78
FeO 0.00
NgO 0.00
Cal 18.81
Na, 0 0.95
K,0 0.07

Total  ©8.90

56.34
20.77

0.00
0.00
1.45
10.35

0.05

98.96

45.08
34.77

0.00
0.00
17.39
2.67

0.04

$9.985

66.32
20.23

0.04
0.00
1.32
11.3¢9

0.00

£9.30

NO.OF IONS ON THE BASIS OF 32(0)

S1 8.282
Al 7.658
Fe(II) 0.000
Fe(III) 0.000 .
Mg 0.000
Na 0.344
Ca 3.787
© K 0.017
AB 8.34
AN 91.26
OR 0.40

11.727
4.326
0.000
0.Q00
0.000
3.647
0.2785
0

.01y

92.54
7.16
0.29

8
7
0
-0
0.000
o]
3
0

.344
.584
.000
.000

.958
.449
.009

21.70

.78.09

0.21 .

11.732
4.217
0.008
0.000
0.000
3906
0.250 .
0.000

93.98
6.02
0.00

44 .85
34.24

0.07
0.00
19.95
1.09

0.00

100.20

.309
.478
.011
.000
.000
.392
.960
.000

OWOOO0OON®

g1.00
0.00

46.68
34 66

0.00
0.00
18.00
0.68

0.004

120.02

.556
.486
.000
.000
.000
. 242
.535
.000

OWOOOON®

1 93.60

0.00

» Rodingitized gabdro at 1175.35m,C¥-4.

A
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TROODOS HYDROTHERMAL PLAGIOCLASE o

.006

S.» 006 006 006 006 006
PLAG.FROM LEACHED ZONE IN GABBRO*
' AN
S10, 68a71 68.16 46 .11 69.32 €8. 47.07
Alzo3 19.84 19.35 34.06 .20.29 20.11 34.08
FeO 0.00 9.00 0.00 0.00 0.02 0.00
Mg0 0.00 0.00 0.00 0.02 0.01 0.00
Cal 0.27 0.20 18.08 0.24 0.21 16.11
Na, 0 -10.61 10.83 1.18 10.97 11.33 2.37
- K;0 0.02 0.03 0.00 0.00 0.00 0.05
’ -
Total 99 .45 98.57 99 .40 100.84 100.43 99 .68
NO.OF IONS ON THE BASIS OF 32(0)
Si 12.009 12.033 8.533 11.962 11.93 8.657
Al 4.086 - 4.025 - 7.427 4.128 4.115 7.386
Fe(ID 0.000 0.000 0.000 0.000 0.000 0.000
Fe(III) 0.000 0.000 0.000 0.000 0.000 0.000
Mg 0.000 _ 0.000 0.000. 0.005 0.003 0.000
Na 3.5988 3.707 - 0.423 3.670 3.814 .0.845
Cs 0.051 0.038 3.579 0.044 0.039 3.175
K - 0.004 0.007 ° 0.000 0.000 0.000 0.000
. ' -
AB  98.49.- 98.81  10.58  98.81  98.99  20.96
AN . 1.39 1.01 89 .42 1.19 1.01 78.75
OR 0.12 0.18 0.00 0.00 0.0 0.29

» ZONE AT 1073.15M,CY-4.

. —



TROODOS CLINOPYROXENE ANALYSES

013

S.» 013 013 013 013
CPX. FROM MICROGABBRO AT 1122.80M
si0, - 52.38 52.21 54.84 -54 .28 51.16
Ti0, 0.28 0.28 0.00 0.15 0.23
Al1,0, 1.25 1.07 0.29 1.41 1.91
FeO 10.69 10.64 4.17 5.23 7.77
Mno 0.27 0.28 0.07 0.02 0.08
MgOo 14.18 14.13 15.80° 15.92 14.67
Ca0 22.29 22.02 26.50 21.89 24 .54
Na,0 0.20 0.13 0.18 0.32 0.37
K,0 0.00 0.00 0.01 0.00 0.00
Total 101.39 100.74 101.64 99.22 100.73
NO.OF IONS ON THE BASIS OF 8 OXYGENS
S1 ©1.944 1.950 "1.9688 " 1.996 1.908
Al . 0.0B5 - 0.047 0.012 0.004 0.084
J SN 0.000 0.000 0.000 "0.057 0.000
T 0.008 0.007 0.000. . 0.004 0.006
Fe 0.329 0.332 0.126 0.161 . 0.242
Mg 0.784 0.787 0.843 0.873 0.814
Mn 0.008 - 0.009 10.002 0.001 0.003
Ca 0.887 0.881 1.029 0.862 0.979
Na 0.014 0.008 0.011 0.023 0.027
K 0.000 0.000 0.000 0.000 0.000
FS 16.45 16.62 6.33° 8.48 11.89
WO 44 .35 44 .08 61.50 45.49 48.11
EN .39.20 39.33 42.18 48.03 40.01

I {

/ .
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A.12. TROODOS CLINOPYROXENE ANALYSES

021

S.# 021 021 021 021 021 >
CLINOPYROXENE FROM META-GABBRO AT 1175.35a ,CY-4.

10, 52.00 51.14 52.14. 52.38 52.04 s1.§9
T10, 0.00 0.02 0.02 0.02 0.01 0.02
Al;o3 0.18 0.31 0.26 0.38 0.23 0.32
Fel 8.34 9.29. 8.68 7.68 8.79 8.36
Mn0 0.03 0.11 0.17 0.20 0.18 0.21
MgO 12.682 12.38 12.95 13.88 13.18 13.19
Ca0 - 25.63 25.01 26.59 26.Q3 28.29 26.34
Nanb 0.11 0.13 0.14 0.08 0.11 0.07
K,0 0.00 0.00 0.00 0.01 0.00 0.01
Total 98.91 98.37 100.95 100.62 .100.83 100.21
NO.OF IONS ON TI{E BASIS OF 6 OXYGENS. .
S1 1.978 1.966 1.954 1.969 1.952 1.949
Al 0.008 0.014 0.011 0.018 0.010 0.014
Al 0.000 0.000 0.000 0.000 0.000 0.000
T 0.000 0.001 0.001 0.001 0.000 0.001
Fe “0.265 0.299 0.272 0.236 0.276 0.264
Mg 0.716 0.708 0.723 0.763 0.737 0.741
Mn 0.001 0.004 0.005 0.006 0.008 0.007
Ca 1.045 1.030. 1.0868 1.029 1.057 1.064
Na 0.008 0.010 0.010 0.0086 0.008 ~ 0.005
Ke 0.000 0.000 0.000 0.000 0.000 0.000
FsS 13.10 14.66 13.19 . 11.65 13.33 12.74
wo 51.57 50.57 51.75 50.72 51.06 51.43
EN 35.33 34.77 35.08 37.63 - 35.61 35.83




TROODOS CLINOPYROXENE ANALYSES

024

S.# §24 024 024 024 024
CPX.IN META-GABBRO AT 1195.90M. .
10, 62.77 B51.84  52.22 51.66 51.98  50.96
T10, 0.02 0.00 0.04 0.04 0.04 0.01
- Al,0, 0.38 0.32 0.52 - 0.34 0.15 0.33
FeO 8.29 8.94 10. 41 13.81  8.35 10.38
MnO b.oo .o0.07 0.07 0.14 0.35 0.00
Mgo 12.55 = 12.54- 11.95  9.68 13.32 11.47
Cad 24,73 . 24.60 24.32 23.95 24.15 ~24.86
Na,0 0.11 0.26 0.10 0.36 0.22 0.21
K,0 0.00 0.00 0.00° 0.00 0.00 0.00
Total ©8.94 98.57 99.63  100.08 $8.56 . 98.22
NO.OF IONS ON THE BASIS OF 8 OXYGENS. °
S1 1.984 1.880 1.981 . 1.985  1.980  1.971
Al 0.016 0.014 ©0.019  0.015 0.007 0.015
Al 0.001° 0.000 0.004 0.000 ©0.000  0.000
Fe 0.266 0.286  0.330 0.447 0.266  1.336
Mg 0.717 0.714 © 0.676 0.554 0.756 0.661
Mn 0.003° 0.002 0.002 0.005 0.011  0.000
Ca 1.015 1.007 0.989 0.986 0.988  1.030
Na 0.008 0.019 . 0.007 0.027 0.016 0.016
K 0.000  0.000  0.000  0.000 0.000  0.000
Fs’ 13.30 14:23  16.56  22.49 13.25  16.56
WO 50.82  50.18  49.56  49.61  49.09  50.82
EN 35.88 35.69  33.88 . 27.90 - 37.66  32.62
A

ol = T
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TROODOS CLINOPYROXENE ANALYSES

S.# 035 038 035 035 035 035
CPX.FROM MICROGABBRO AT 1271.20M.
S10, "52.82 53.73 53.29 §2.71 52.89 52.25
T10, 0.08 0.05 0.12 0.08 0.11 0.01
A1,0, 0.25 0.26 0.39 0.25 0.40 0.38
FeO 7.39 7.42 7.35 8.88 8.18 10" 48
MnO 0.32 0.38 0.24_  0.20 0.46 0.02
Mg0 14.29 13.45 13.40 13.36 13.77 11.03
Ca0 . 23.58 24 .38 24.52 24.23 24 .29 25.63
Na,0 0.22 0.48 0.38 0.62 0.19 0.15
K,0 0.00 0.02 0.00 0.00 0.0q 0.02
Total 98.93 100.17 99.67 100.31 100.27 99.97
NO.OF IONS ON T'.[IE BASIS OF 8 OXYGENS.
S1 1.975 . 2/000 1.993 - 1.976 1.978 1.984
Al 0.011 0.000 0.007 0.611 0.018 0.016
Al 0.000 0.011 0.011 0.000 . 0.000 0.001
T1 ©0.002 0.001  0.003 0.0g2" 0.003 , 0.000
Fe ' 0.238 . 0.231 0.230 0.778 0.255 0.333
Mg 0.812 0.746 0.747 0./747 0.767. 0.624
Mn 0.010 0.012 0.008 0.008 0.015 0:001
Ca 0.963 0.972 0.983 0.973 0.972 1.043
Na >~ 0.016 0.035 0.0286 0.045 0.014 0.011
K 0.000.  0.00t 0.000 0.000 0.000  0.001
FS 11.72  11.85  11.73 ﬁ?.91 1279 18.64
wo 47.90 49.87 50.14 49.72 © 48.76 52'.14
EN .40.38 38.28 38.12 37.37 38.45 31.22
‘e . :

“_.. o
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S.# 054 054 054 054 054 0549
CPX.FROM GABBRO AT 1438.00M IN CY-4.
3
10, 50.13 52.64 53.27 52.98 53.27 53.27
T10, 0.12 0.18 0.09 0.09 0.18 0.09
A0, 1.48 1.08 0.37 0.34 0.38 0.37
FeO 8.81 é.88 5.67 8.38 5.07 5.87
Mno 0.21 0.18 0.07 0.14 0.09 0.07
MgO 14.84 15.37 15.52 14.83 168.00 15.52
Ca0 26.68 . 23.08 25.654 25.16 25.42 25.54
Na,0 0.17 0.28 0.00 0.08 0.38 0.00
K,0 0.00 0.00 0.00 0.01 0:02 0.00
Total 101.42 99.69 100.43 99.98 100.79 100.43
‘NO.OF IONS ON THE BASIS OF 6 OXYGENS.
st " 1.876 1.958 1.966  1.97t  1.958  1.966
Al 0.084 O~042 0.016 0.015 0.018 0.018
Al 0.000 0.000 0.000 0.000 0.000 0.000
T1 0.003 0.006 0.002 0.003 0.005  0.002
Fe 0.276 0.214 0.172 0.199 0.166° »0.172
" Mg 0.828 0.852 0.854 0.822 . 0.822’ .0.854
Mn 0.007 0.0068 0.002 0.004 Wo. 0.002
Ca 1.029 0.920 1.010 _1.003 . 1.001 1.010
*Na 0.012 0.020 0.000 0.004 0.027 0.000
K - 0.000 0.000 0.000 0.000 0.001 0.000 °
Fs ©12.93 10.78 . 8.45 9.81 7.88 8.45
WO 48.27 46.32 49.61 49 .56 49.23 49.61
EN, 38.80, 42.91 41.94 40.64 43.11 41.94
N - T
[ 4
‘
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TROODOS CLINOPYROXENES ANALYSES

ive

075

- K0

K

S.# 075 075 078 078 075
CPX.FROM GABBRO AT 1633.90M IN CY-4.
\ ~
s10, 63.34  B53.12 ©54.17 $3.93  52.75 53 .54
T10, 0.14  0.05 0.21 0.01 0.21 0.21
A1,0,  0.95 0.81 1.22 1.00 t.81 1.98
FeO 8.04 5.64 6.37 5.44 6.38 6.80
Mno 0.06  0.11 0.09 0.08 0.11 0.21
Mg8 16.18  16.14 15.88 16.28  15.60  16.61
Ca0 23.73  24.68 22.58 24.76  23.13  21.21
Na,0 0.09 0.26 0.08, 0.17 0.18 0.18
0.00 0.00 0.00 0.00 0.00 0.00

Total  100.52 100.61 100.58 101.65 100.17  100.74
NO.OF IONS ON THE 'BASI,S OF 8 OXYGENS

'St - 1.960 1.956  1.980  1.959  1.946  1.954
Al 0.040 0.026 0.020 0.041 ~ 0.054  0.046
Al 0.001  0.000 .0.033 0.001 0.0265  0.039
T1 0.004 10.001 0.006 0.000 -0.006 ©.006
Fe 0.186  0.174 0.195 0.165  0.197  0.208
Mg 0.886 0.886 0.865 0.881  0.858  0.903
Mn 0.002 0.003 0.003 0.002 ©0.003  0.006
Ca 0.934 0.974 0.884 0.963 0.914  0.829
Na 0.008 0.019 0.004 0.012 0.013 0.013

0.000 0.000 0.000 0.000 0.000  0.000

FS 9.25 8.54  10.02  8.22 10.00  10.70
Wwo 46.57  47.89  45.48  47.93  46.43  42.74

EN 44.18 43.57 44.50 43.856 43,567  46.56

P A
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TROODOS CLINOPYROXENES ANALYSES

075 047 047 013

S.%
D.(m) 1633.9 - 1395.2 1395.2 . 1122 8
s10, 52.52 ~ 54.19 52.78 54 .24

" T10, 0.06 0.00 0.00 0.01
A0, 2.15 0.86 _ 0.9t 0.91
FeO 1 6.57 1.04 0.98 1.18
MO '0.18 0.00 0.00 0.00
Mgo 15.89 17.22 17.13 17.18
Ca0 23.59 26.89 25.93 26.00
Na,0 0.10 0.07 0.98. - 0.13
K50 0.00 . 0.00 0.00 0.00
Total " 101.05 100.27 98.71 99.65

NO.OF IONS ON THE BASIS OF 6 OXYGENS.

St 1.926 1.987 1.952 1.978
Al 0.074 0.033 0.040 O.Q24
Al 0.019 0.004 0.000 0.015
T1°® 0.001% 0.000 0.000 0.000
Fe . 0,201 0.032 0.030 0.0368
Mg 0.869 0.932 0.944 0.933 |
Mn 0.006 0.000 0.000 0.000
Ca 0.927 1.046 1.027 1.015
“Na 0.007 0.005 0.070 0.009
0.000 . 0.000 0.000 0..000
FS . 10.09 1.57 1.51 i 1.81
wo 48.42 52.05 51.32 51.16
EN 43.49 ° . 46.37 T 47.17 47 .03
. ”/ \-
1 : : '
» ' [ .
R e N
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TROODOS CLINOPYROXENE ANALYSES N
_ S.# 077 077 044 - 044 044 044
D. (m) 1644.8 1644.8 13687.7 1367.7 1367.7 1387.7
10, 55.63 52.56 53.19 53.01 §1.95  52.54 . e
T10, 0.18 0.11 0.00 0.00 0.29 0.24 _
A0, 2.66  0.57 0.37 0.20. 1.66 1.45
FeD .10.38 8.25 7.06 5.3% 7.96 7.38
MnO '0.18 0.24 0.15 - 0.15 0.19 '0.09
Mg0 18.42 14.98 14.33 15.69 15.51 15.77 -
- Ca0 13.09 25.24 24.59 24.83 21.59 21.89 .
Na 0 1.37 0.09 0.05 0.02 0.1 0.09
K0 0.00 0.00 0.00 0.01 . 0.41  0.09
A d 4 N

Total  101.89 100.04 ©99.74 . 99.26 . 99.75 . 99.45

'NO. OF IONS ON'THE BASIS OF 8 OXYGENS.
' 954 -

51 1.988  1.957 1.984 1.976  1.939 | 1 g

Al 0.012 °~ 0.026° 0:016 0.009 0.061  0.046 - .

Al 0.101  0.000 0.001 ©0.000 0:012  0.018 .

TL 0.005  0.003° 0.000 '0.000 ~0.008  0.007

Fe 0.310 0.195  0.220 = 0.167 0.248  0.230

‘Mg 0.981 0.831 0.797 0.872 0.863  0.874

Mn 0.006 Q.008 0.005 0.006 0.006  0.003

:Ca 0.501 1.007 ' 0.983 0.891  0.863 - 0.872
. Na 0.095 0.008 0.004 , 0.001 _0.014 , 0.006 "
LK 0.000 0.000  0.000 0.000 0.020 0.000 . o

FS -~ 17.31 9.57 - 11.01 B8.21 ~ 12.58  11.62

wo . 27.96. 49.53 = 49.14  48.85 43.72 44.14

EN 0 54.73  40.90 © 39.84  42.94 4370  44.24

. . L)
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TROODOS CLINOPYROXENE ANALYSES
S.#% " 030 030 . 030 . 030 . '030
CPX.IN META-GABBRO AT 1245.30M.
= - —r-b—
S10, 52.82 68.03 §1.90 52.48 52.83 .
T10, . 0.09 0.3 0.09 0.18 0.34.
3 1.18 1.23 . 1.48 1.69 1:58
2.17 4.38 2.32 6.78 2.37
0.00 0.13 . 0.00 - 0.00 0.00
11 10.59 18.22 15.91 16.48
25.50 17.77 25.71 23.19 26.49 .
0.00 0.26 0.12 0.08 0.07 -
0.00 5000 0.0 0.00 0.00:
. 97.87 100.67 $7.82'.  100.25  99.12 2
_ NO.OF IONS ON THE BASIS OF § o!cYGENs
st ™~ 1.968 2.283 r.943 1.938 1.952,
Al 0.032 0.000. 0.087 0.082 ___ 0.048
Al .0.020 . 0.050 . 0.007 0.011 0.020
T1 +0.003" 0.008 +.°0.003 s+ 0.004 0.009
Fe 0.068: 0.126 0.073 0.209 0.073.
Ng . 0.895 0.548. + 0.805 0.878 0.85%¢
Mn 0.000 - 0.004 0.000 ¢ 000 0.00Q,_ !
Ca - . 1.018 0.658 1.031 0.918 1.049'
Na =~ - .0.000 - 0.017 * 0.009 0:0Q8 0.006
K * 0.%00 0.000 0.000: - 0.000, 0.000
S, P :
. FS : 3.41 . 9.46 3.62 10.43 37
. WO, 51.41 49.49 51.33%  45.83 63.14
© EN 45.18, 41.03 45.05 43.74 43.15
. : .
% 7 as - L3 -

r)

i‘_",h ’
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TROODOS CLINOPYROXENE ANALYSES A
s.», 046 046 . D46 046 046
. ( o
CPX.FROM METAGAEBHD AT 1386.90M.
i
$10, 53.58 54.05 53.88 54.31 . 54 .14
T10, 0.07, .0.04 0.02 0.17 0.02
AL,0, 1.56 0.34 2.15 0.98 0.22
Fe0 1.80 0.83 0.55 2.12 2.61
*Mn0 © 0.00 0.02 " 0.08 “0.02 0.03
MgO 16.35 17.44 17.05  16.67 16.76
ca0 25 .65 26.44 26.33 26.46 27.30
Na,0 0.13 0.05 0.09 0.25 0.00
K,0 0.00 0.00 0.00 0.00 0.00
Total - 99.14 99.21 100.13 ., 100.98

101.08

NO.OF IONS ON THE BASIS OF 6 OXYGENS.

St 1.968 1.979 1.950 ° 1.965
Al - 0.034 0.015 . 0.050 0.035
Al 0.034. 0.000 0.041 0.007
TY . 0.002 0.001 0.001" 27005’
Fe . 0.055 0.025 0.017 0.064
0.894 0.852 ., 0.920 0.8
Mn 0.000 0.001 - 0.002 - 0.0t
Ca 1.008 1.037 1.021 1.086
Na 0.009  0.004 -.70.006 0.018
K 0.000 0.000 ~ 0.000 = 0.000
F§~ 2.82 1.26 - 0.85 - 3.28
WO " 51.51 51.49 §2.18 ¢ 51.5

EN 45.87 47.25 ' 46.99 45.20

.967
.009
.Q0Q
.001
.079
.808
.001
.083
.000
.000 -

L OO0+ 000000~

51.85
44.28
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TROODOS CLINOPYROXENE ANALYSES

—p—

-‘k

S.# 030 006 006 006 066 . B65
D.(m).  1313.8 1073.2 1073.2 1073.2 1073.2 1(46.5
. . . - .
S10, §5.21 52.96 52.38 §2.63  53.50 51.30
T10, 0.00  0.29 0.35 0.36 0.30 0.28 .
Al,0, 0.45  1.02 1.18 1.14 0".98 1.06
FeD 1.44 10.43  10.66  10.26  §.20 11.68
MnO 0.00 0.34 0.30 0.63 0.36 0.37
Mgo 15.94 14.70 14.44 14 .58 14.39 13.38
Ca0 26.26 21729 *21.30  20.55 21.95 21.08
Na,0 0.07 0.28 .0.21 -0.20 0.19. 0.3r1
K,0 0.02. 0.04 70.01 0.17 °  0.02 /efoé"‘\}
. ". i

Total - 99.39 101.35. 100.81 100.51 . 100.87 ¢9.32
NO.OF IONS ON THE 'BASIS OF 6 OXYGENS.
s1 2.016  1.956 1.951 ° 1.962  1.978  1.952
Al 0.000 0.041 . 0.049 0.038 0.022 0.047
Al 0.019 0.004 0.002 0.012 01020 0.000
T1 0.000 0.008. - 0.910 0.010 0.008  0.008
Fe 0.044 0.3 Q332  0.320 0.284 0.368
Mg 0.867 0.811 0.802: 0.810 0.793 0.758
Mn 0.000 0.011~ 0.008°  0.020 0.011 0.012 ‘
Ca 1.027 0.844 0.850 - 0.821 - 0.869  0.360C
Na *  0.005 0.020 0.015 0.014 . 0.014 0.023

0.001 0.002 0.000 0.008 0.001 0.001
Fs. 2.27 16.32 18.74 16.38 14.61  18.52
wo 52.99 42.68 42.85 42.08 44.66° 43.30
EN 44.74 41.00  40.431. 41.54 40.73  38.18

. —
§
[ J
R ‘- L .
. .' .. . * + . . . . .
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. TROODOS CLINOPYROXENE ANALYSES. N

'y
L Y

'S.8. R4 R4 R4 R4 R4 - R4

CPX.FROM METAGABBRO AT 1322.0M

'S10, 54.35 52.91 54.66  63.97  b54.11  63.32
T10, 0.05 0.09 . 0.06 0.00 0.02 0.03

A1,0,- 0.34 0.34 . 0.3¢4 .. 0.20 0.38 0.23
FeO 1.44 8.75 1.63 - 3.30 3.88 - 4.23

, MmO 0.07 0.00 ~0.00 0.00 0:16  0.03

" Mg0 17.21  14.32  17.15 16.45 15.48  15.90
Cal 26.79 25.68 . 28.79  26.356 ' 26.63 . 26.41
Na,0 . 0.17 . 0.13 0.03 0.01 0.31. 0.39

K,0 0.02 0.00 0.00 0.02 0.02 0.00

Total 100.44 100.22 100.65 100.30 100.68 100.54
t ) .

NO.OF IONS ON THE BASIS OF 6 OXYGENS.

S1 1.874 - 1.970. 1.980 1.977 - 1.977 1.982
Al 0.018 0.016. 0.015 .0.009 0.018 0.016
* Al 0.000 0.000 0.000 0.000 0.000 0.000 .
T1 0.001 0.003 0.001 0.000 0.001  0.00%
Fe 0.044 0.210 0.049 0.10t - 0.119 0.130
Mg 0.832 0.795 0.928 . 0.898 0.842 0.872
Mn 0.002 0.000  0.000 0.000 0.008 0.001
Ca 1.043 1.024 1,040 1.034 1.043 1.041,
Na 0.01i2 0.009 0.002 0.001 -, 0.022 - 0.028
K 0.001 0.000 0.000 0.001 7 0.001 0.000
Fs 2.17 10.36 2.45 4.97 . 5.92 . 6.37
wo &fe 50.48 51.60 50.86 52.05 50.95
EN 2V 39.18 45.95 44 .17 42.03 42.88

e
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,§‘\\> TROODOS CLINOPYROXENE ANALYSES
S.# 098 098 098 ° 098 098 088
. * . CPX.FROM PYROXENITE AT ‘1803.02M.
- s10, 53.20 63.80 53.92 54.02 53.34 §3.28 -
T10, 0.07 0.07 q.03 0.03 0.03 0.05
A1,0, 1.78 1.94 1.71 1.83 1.87 1.76
Fe0 3.48 3.27 3.83 3.48 3.30 3.35
Mno 0.18 0.18 0.14 0.11 0.08 0.18
Mgo 17.56  17.17 17.60 18.01 17.43 17.48
Cal 22.44 23.38 23.05 22.50 ~ 23.14 23.07
Na,0 0.07 0.08 0.08 0.18 0.17 0.12
: K,0 0.04 0.01 0.02 0.01 0.02 0.01
. S ] .
‘Total  98.77 99 .68 100.06 100.13 " 99.38 99.26
¢ ~
E NO.OF IONS ON THE BASIS OF 6(0O) -
f : st 1.959 1.987 1.981 , 1.959 1.954 1.955
: ‘ Al 0.041 0.043 0.039 0.041 0.048 0.045
§ ) A 0.035 0.041 0.034 0.038 0.034' 0.031
' T1 0.002 . 0.002 0.001 0.001 0.001 0.001
i " Fe 0.107 0.100 0.107 0.1086 0.101 0.103
Mg 0.964 0.934 0.954 0.974 0.952 0.955
Mn 0.008 0.006 0.004 0.003 0.002 0.005
y - . . Ca 0.885 0.9156 0.848 0.874 0.908 0.907
. . . Na - 0.005 0.004 0.004 0.011 0.012 0.009
3 . . K 0.002 0.000 0.001 0.000 0.001 0.000
" FS 5.48 5.12 5.48 5.37 5.18 5.23
wo 45.26 46.93 45.83 44.77 46.31 46.16
EN 49.27 47.96 48.69 49.85 48.53 48.60
-4

LA

ANy
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A.13. TROODOS ORTHOPYROXENES ANALYSES

510,

. T10,

Alzo3
FeQ
MnO
NgO0
Ca0

Na 0

K,0

Total

58.04 52.96 ¥
0.09 0.14
1.18 1.
13.55‘(’ 17.34
0.21 0.32

28 .86 25.39
1.82 1.62
0.00 0.09
0.00 0.00
101.76 99.00

63.70
0.09
1.25

18.16
0.28
25.83
1.24
0.00

0.00

100.64

.

63.76
0.13
1,14

16.47
0.46 4
26.83
1.68
0.00

0.00

. 100.41

53.61
0.13
10.88,
17.36
0.34
25.85
1.54
-0.00

0.00:

99 .81

NO.OF IONS ON THE. BASIS OF 6 ())C\leibis.

St
Al
Al
Ti
Fe'
Mg
Mn
Ca
Na
K

FS
wo
EN

.031
.018
.002
.388 |
511
.008
.089
.000
.000

OO 0O 00O O

20.13
3.46

.76.41

.969 .

1.954
0.048
0.004
0.004
0.635
1.397
0.010

- 0.064
0.008

0.000 *

26.81
3.21
69.98 .

.951
.049
.008
.002
.651
.404
.009
.048
0.000
0.000

QO re OO0 0O+

27.52
2.41
70.07

. 947
.049
.000
.004

. 4498
012
.065
.000
.000

OO0 OO0 O 000

24.79
3.24
71.97

.499 .

.980
.040
.002
.004,
.831
.408
.011
.060
.000
.000- -

coocomod8oonr

<

26.54
3.02
70.44

A}

55.73
0.02
1.36

9.48
0.22
30.30
1.56
0.00

0.01

98.68

.80
.020
.037
.001’
.282
.605
.007
.059
.000
.000

, 0000+ OO0 0O+

14.48-
3.05
82.47
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‘TRDODOS ORTHOPYROXENE ANALYSES .

S.# - 054 054 054 054 054’ . 054
OPX.FROM GABBRO AT 1438.0N
s10, - 54090  65.18 = 55.55  55.48 54.66  55.45
T10, 0.08 0.04 0.04 0.04 0.04 0.0%
Al,0, 1.39 1.42 1.58 1.39 1.41 1.37
Fel 11.24°  11.29 10.88 10.95 11.71 12.61
MnO | 0.44° 0.34 0.29 0.28 0.33 0.29
MgO 29.27 29.54 26.87  29.63 29.39 28.80
ca0 1.62 1.79 1.54 1.74 1.65 1.73
- Na,0 0.0t 0.0§ 0.00 0.00 0.00 0.00
“K,0. T oo.02 0.03 0.02 9302 0.00 0.03
Total 98.94  99.78  99.77  99.53  99.19  100.33
NO.OF IONS ON THE BASIS OF 6 OXY GENS:,
-’
S1 . 1.967 1.961 1.967 1.971 1.958 1.969
Al 0.033 0.03% 0.033 0.029 ~ 0.042 0.031
Al 0.025  0.021 0.032  0.029 0.017 0.026
T1 0.001  0.001  0.001 ©0.001 ° 0.001  0.00%
Fe 0.337 0.336 0.322 0.325 0.351 0.374.
Mg 1.563  1.570 1.576  1.569 - -1,5669 1.524
Mn 0.03t . 0.010 0.009 0.008 - 0.010 0.009
Ca 0.062  0.068 0.058 0.066 -0.063 0.066
Na 0.001 0.003 0.000 0.000  .000 0.000
K 0.001 0.001 0.001 0.001 0.000 0.001
FS 17.16  17.00  16.46  16.59  -17.89  19.06
w0 3017 3.45 2.99 - 3.38 3.19 3.35
EN 79.67 79.55 ° 80.55 80.03 79.12 77.59
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TROODOS AMPHIBOLE ANALYSES

188

S.# ., 245 246 . 245 245 245 245
AMPHIBOLES ~ FROM DIABASE AT 321.4m,CY~4.

. "’ _— .". ‘- B . -
s10,, ,62.66 - 50.30 °'50.17 51.41 50.70  50.57
T10, 0.2 "0.23 0.2 0.20 0.32 0.24
A 0,  3.79 4.82 3.82 3.20 2:48  "3.03
Fe0 12.19 12.84 " 18.06 17.77 19.15 18.07

- who 0.50 0.40  0.29 0.41 0.41 .38
Mg0 16.18  15.09  12.56 , 12.50  12.15 ..12.89
Ga0 11.00 12,17 11.78 11.99  11.97  11.50
Na.0 0.33 0.39 " 0.39 -0.30 0.43 . 0.42
K,0 0.0s°  0.02 0.06 0.06 0.04 0.08
Total  97.15  96.28 97,49  ©97.85  97.66  97.21
NO.OF IONS ON THE BASIS OF 23 (O,0OH).
st 7.593  7.393 7.482 7.589  7.571  7.537
Al 0.407 0.607 : 0/618  0.411  0.429 . 0.463
Al 0.237 0.228 - .0.118 -, 0.146- _ 0,008 0.069°
1 10.031  0.025 0.022 0.022 0.036  0.027 °
Mg . 3.477 - '3.306  2.792  2.750 . 2.704  2.864
Fe .’ 1.470  1.578  2.252  2.194  2.392  2.252
Mn 0.061 0.050 ©0.037 0.051 0.052  0.048.
Ca - 1.609 1.916 1.882  1.896 1.915  1.836
Na 10.092 ° 0.111  0.113  0.086 0.124  0.121
K 0.009  0.004 0.011 . 0.011  0-008 '.0.017

< - 4 v
L 25.57  28.18  27.17  27.72  27.32 _ 26.41
CUMM 52.32 48.61  40.31  40.21 3857 - 41.19
RUN ' 22.12  23.21° 32.52 32.07 .34.11  32.40
® -~
‘ \
K' ‘ ” g

o ke ool -
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A.14. TROODOS AMPHIBOLE ANALYSES

/

S.# 22Qy 220 220 220 220
AMPHIBOLES FROM DIABASE AT 482.70M,CY-4.
S10, , 64.73 53.53 62.07 52.17 50.76
WO, , 0.23 0.24 0.42 0.28 0.80
AL, 1.93 2.34 2.93 2.68 4.13
FeO 12.38 12.62 14.03 13.24 14.68
NnO 0.38 0.36 0.46 0.29 0.37
Mg0 15.94 15.88 15.50 15.52 14.13
Ca0 12.44 12.67 12.686 12.74 12.34
Na 0 0.17 0.43 0.31 d.33 0.64
K,0 0.04 0.04 0.08 <0.04 0.25
Total 98.20 98.19 98.51 97.45 98.12
" NO.OF IONS -ON THE BASIS OF 23 (O,0H).
S1 7.812 7.685 7.624 7.588 7.403
Al 0.188 0.316°  0.478 0.412 0.597
Al 0.137 0.081 0.023 0.047 0.113
T1 0.025 0.028 0.048 0.031 0.002
Mg 3.301 3.398 3.338 3.365 0.088
Fe 1.475 1.516 1.695 1.610 3.072
Mn 0.044 0.044 0.056  0.036 1.790
Ca 1.902 - 1.949 1.960 1.985 0.046
Na 0.047 0.120 0.087 0.093 0.181
K. 0.007 0.007 0.011 0.007 0.047
Wwo 28.10 28.40 28,02 28.52 28.40
CUMM 50.10 49.52 47.73 48.34 45.23
RUN 21.80 22.08 24.24 23.14 26.37
- 4
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TROODOS AMPHIBOLE ANALYSES :

S.% 149 149 149 006 006 006
D. (m) 821.5 821.5 821.5 1073.2 1073.2  1073.2
s10, 51.70  49.95 , 51.77 ©51.91  51.70  49.30
T10, 0.42 1.33;/’ 0.83 0.15 0.14 0.10
Al.0, 3.98° 5.57 -~4.03 3.74 3.84 5.50
FeO 10.59  10.49 10.11 14.20 14.66 -15.67
MnO 0.03 0.02 0.09 0.31 0.80 0.25
MgO 16.64 ° 15.50 17.54  14.75  15.64 15.46
ca0 12.00  11.82  11.73  12.6  11.20  9.99
Na,0 0.73 1.21 0.68 0.32 0.28 0.28
K,0 0.15 & 04 0.08 0.02.  0.00 0.02
Total  96.22 §86.00 96.54 ©7.45 97.96  96.62
NO.OF IONS ON THE BASIS OF 23 (O,0H).
.S1 7.500 7.282  7.462  7.558 404  7.274
Al 0.500. 0.718 0.538 0.444 0.506  0.726
Al 0.176  0.239 0.148 0.197 0.150  0.230
T1 0.048 0.151 0.057 0.016. 0.015  0.011
Mg 3.58 3.368 3.768 3.200 3.379  3.400
Fe 1.285  1.279 1,219 1.729  ».777 1.934
Mn 0.004 ©0.002 0.011 0.038 “0.061  0.031
Ca 1.865  1.846 1.811 1.879 1.739 1.579
Na 0.208 0.342 0.184 0.090 0.079  0.080

0.028 0.007 , 0.015 0.004 0.000 * 0.004
WO~ 27.64 ,28.43  26.65  27.60  25.22  22.85
FUMM §3.32 .51.87 56.43  47.01 49.00  49.18
RUN . 19.04 19.70  17.93  25.39 27.97
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o TROODOS AMPHIBOLE ANALYSES
S.8 035 035 035 044 o044 044
D.(m) ~1271.2 1271.2 1271.2 1387.7 1367.7 1367.7
S10, 46.91 52.85 49.02 50.82 49.77 §3.20
/ T10, 1.09 0.85 1.28 0.78 0.30 0.07
A1,0, 9.21 4.27 5.27 4.18 7.09 3.77
FeO 12.71 12.03 12.55 11.20 8.89 7.97
Mno 0.2} 0.11 0.18 0.14 0.09 0.07
MgO 13.41 14.86 35.24 16.46 17 .17 18.72
Cal 12.18 12.70 12.33 12.16 12.06 12.41
Na 0 1.69 0.55 0.82 0.80 0.80 0.41
K,0 'o.os 0.02 0.08 0.03 0.01 0.00
Total  97.48  98.10 96.74  7.390  7.183  7.575
A .
NO.OF IONS ON THE BASIS OF 23 (O,0H).
S1 6.880 7.538 7.234 7.390 7.183 7.575
Al 1.140 0.482 0.768 0.610 0.817° 0.425
’ Al 0.447 0.258° 0.161 " 0.108 0.389° 0.208
Tt 0.120 0.092 - 0.139 0.085 0.033 ° 0.007
Mg 2.923 3.171 3.352 3.567 3.694 3.973
Fe 1.554 . 1.440 1.428 1.362 1.073 0.949
Mn 0.026 0.013° 0.020 0.017 0.011 0.008
Ca 1.908 1.948° 1.950 1.894 1.865 1.893
Na 0.479 0.153° 0.235 0.226 0.168 ~ 0.113
K 0.009 0.004 0.009 0.008 0.002 0.000
wo 29 .89 29.70 28.98 27.76 . 28.12 27 .78
CUMM 45.77 48.34 49.83 52.28 55.70 58.30
RUN 24.3¢ 21.96  21.19 19. 96\ 16.18 13.93
L Y
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TROODOS AMPHIBOLE ANALYSES

1960

™~

\

15.11

S.# 021 047 047 - 054 054 054
D.(m) 1175.4 1395.2 1395.2 1438.0 1438.0 & 1438.0
s10, 56.06 " 56.80 49.21 §3.57 56.37 ' 56.04

- Ti0, - 0.00 0.00 1.11 0.28 0.08 0.07 -

‘a0, . 0.76 0.80 4.78 4.53 1 23 1.27
FeO 3.59 2.23 13.49 8.68 6.91 8.55
MnO 0.00 0.00 0.20 0.05 0.02 0.14

\ MgO 21.25 22.43 15.05 18.08 20.02 19.56°

Ca0 13.75 13.24 11.04 12.91 12.43 12.41
Na,0 0.07 0.00 1.24 0.43 0.01 . 0.00
K0 /0.0 0.00 0.06 .0.14 . 0.02 0.02
Total 95.51 96.62 96.18 98.67 97.09 98.06
NO.OF IONS. ON THE BASIS OF 23 (O,0H). -
S1 7.915 7.935 7.279 7.498 7.901 7.847
Al 0.085  .0.065 0.721 0.502 0.099 0.153
Al 0.041 0.067 . 0.112° 0.245 0.104 0.056
T1. 0.000 0.000 0.023° 0.029 0.008 0-007
Mg "4.489 4.670 3.318 3.772 4.182 4.082
Fe 0.424 0.261 1.669 1.016 0.810 1.001
Mn 0.000 0.000 0.025  0.006 0.002 0.017 \
Ca 2.079 1.982 1,750 1.936 1.867 1.862
Na 0.018 0.000 0.356  0.117 0.003 0.000
K 0.000 0.000 0.011 - 0.025 0.004 0.004, -
wo . 29.82 28.67 25.97 28.79 27.21 26.81
CUMM 64.11 67.56 49.28 56.10 60.98  58.78
RUN 6.08 3.77 24.77 11.81 14.42

[ G
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TROODOS AMPHIBOLES ANALYSES

S.% 024 078 - 078 078 077 077° .
D.(m). 1195'% 1635.1 1633.9 1633.9 - 1644.8 1644.8
S10, 49.21 52.92 54.00 51.69 51.53 54.20
T10, 1.11 0.20 0.08 0.31 0.29 y0.23
A1,0, 4.78 2.27 3.62 3.82 2.67 2.28
Fel 13.48 13.75 8.97 11.45 16.04 11.05
Mno 0.20 0.19 0.10, 0.09 0.33 , 0.24
Mg0 . 15.08 16.12 18.89 16.68 14.32° 16.75
Ca0 11.04 12.61 11.32 12.46 12.65 12.79
Na,0 t.24 0.12 0.45 0.45 0.25 0.19
K,0 ‘0.08 0.00 +  0.00 < 0.00 0.02 0.00
Total  96.18 98.18 97 .41 96.95 98.10- 97.73
£ 3

NO.OF IONS ON THE BASIS OF 23 {O,0H) . ,.
st .  7.279 7:681 7.624 7.477 ' 7.529 7.739
Al. 0.721 0.319 0.378 0.523 0.460 0.261
Al 0.112 0.062 0.226 0.129 0.000 0.123
T1 0.123 0.021 0.008 0.034 0.032 0.025
Mg 1 3.318 3.422 3.975 3.596 3.119 3.565
.Fe 1.669 1.838 1.059 1.385 1.960 1.320
Mn 0.026. 0.023  0.012 0.011. 0.04f '0.029. R
ca ! 1.750 1.924 1.712 1.931 1.980. 1.957
Na 0.356 0.033 0.123 0.128 0.071 0.053 .
K 0.011 0.000 0.000  0.000 0.004 0.000 *

- ‘ . . . -
wo 25.97 27 .65 25.38 27.94 ,28.05 28.60
CUMM 49.26 49.00 58.92. 52.03 44 .18 52.11 .
RUN 24.77 23.45 1%5.70 20.04 27.77 19.29
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A.15. TROODOS CHLORITES ANALYSES

193

S.# 290 = 290 245 245 245 245
D.(m)  $0.9 30.9 “321.4 321.4° 321.4 321.4
" s10, 27.62  25.44 31.83 31.68 34.66 30.04
T10, 0.10 0.13 - 0.00 0.00 0.05 0.00
A1,0, 20.46  20.63  16.97 ,17.32  15.11 - 17.79
FeO 19.00 19.15 « 13.71% 13.81 .58  14.04 _
Mn0 ' 0.26 0.28 0.15 0.15 0.17 " 0.18
MgO 20.40  22.32 24.63  24.06  23.17  24.36
Ca0 0.07 0.00 0.63 1.01 2.18 0.64
Na,0 -O0.ffp - 0.06  0.13  0.08 0.13 0.08
_K,00 :0.08"  0.04 0.02 . 0:01 0.03, 0.01
Tetal 88.04 88.02 ©8:07 88.12 88.08  87.15
NO.OF IONS ON THE BASIS OF 28(O)EQUIV. ] * .
s1 5.693  6£.194  '6.242  6.217  6.749 5 P86
Al 2.407 2.808 1.758 1.783 1.281 2,014
Al 2.476 °2.158  2.163  2.222  2.216  2.163
Ti . 0.015 '0.020° 0.000 0.000  0.007 0.000
Fe . 3.218  3.270  2.248  2.266  2.049  2.340 )
@®Mn . . 0.045 0.045 _ 0.025 ,0.025 0.028  0.032
Mg . 8.158  8.793  7.199 ,. 7.037 6.725 - 7-235
O 0.015 0.000 0.132 0.212 0.455 0.137 )
Na 0.027 0.020 0.049° 0.030 0.049 0.031 ~\ °
K 0.015 0.010 0.005 0.003 0 0.003

.007
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© ~ " _ TROODOS CHLORITE ANALYSES
: . . L . .
S.# - B65 B6S 006 024  B40 B40
D.(m} . 1046.5 1046.5 1073.2  1195.9 1999.8 1999.8
"810, . 27.26 27.32 31.23  34.68 32.12  30.11
>, Ti0,- . 0.03 0,04 '0.05 0.09  0.04 0.00
A1.0, 19.17 17.48 17.81 12.04 21.90 ° 21.36
: FeO ' 25.96  25.55 - 20.66  21.95 8.97 9.54
. .. . MnO 0.38 - 0.32 0.185 0.20 0.11 0.05 4
» . . _Mg0 °  15.83 . 16.17  19.60 .\x?.;e ~24.92  26.61
- . Ca0 . 0.00 0.00 0.40 .B5.08  0.20 0.00
. Na,0 = 0.00 0:07 0.00 = 0.20 - 0.00 0.00
| K0 .0.03 0.08 0.02 0.014, 0.01 _ 0.00
Total  88.73_  87.01 89.92 - 88.64  88.27  87.07

, " NO.OF IONS QN THE BASIS OF 28(0) EQUIV.

- s1 . 6.616 5.757 67198  7.316 6.077  5.709

o, oo LA 2.38s '2.233 1.802 0.685 . 1.923 - 2.291"

i e ‘Al - 2,269 2.281  2.363,-.2.144 2.960  2.645
S , . T 0.006 0.007 .0.007 0.013 . 0.006  ©.000
S - Fe 4.818° ' 4.316  3.429 . 3.661 1.419  1.565

v . ¢ Mn 0.063 0,059 '0.025 0.034 '0.018 -~ 0.008
X , Mg ' 4.892 5.281 5.798°  4.277 7.028.  7.803
: . Ca , 0000 0.000 0.085 - 1,085 0.041  0.000:
. Na 0,000 0.030 ., 0.000 " 0.077  0.000 - 0.000 ..
g ‘ K-~ 0.008  0.017- 0.006  0.003  0.902 - 0.000 - -
. - . 7 M !
<
' - L
v . ‘\
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TROODOS CHLORITE ANALYSES

£
S.# B40 075 075 B2 B2
D.(m 1999.8 1633.9 ~1633.9 1996.0 1996.0
10, 29.40 35.95 35.31 30.79 30.83
T10, 0.00 0.00 0.00 0.00 0.00
A1,0, 20.38 16.32° " 15.83 '17.88 17.21
FeQ 0 12.30 12.78 12.79. 13.70 13.02
MnO "0.18 0.13 0.08 0.11 . 0.06
Mg0 T 24.22 23.76 24 .22 25.10 24.76
Ca0 0.25 0.17 0.80 .0.09 0.18
Na,Q 0.02 0.05 0.04 0.01 0.01
K40 q.eg 0.08 0.08 0.01 0.02
Total 86.76 88.24 89.12 87.69 86.07
NO.OF IONS ON THE BASIS OF 28(0) EQUIYV.
s1 5.811 5 6.919 .. 6.753 8.060 6.160
Al 2.189 2 1.081 1.247 1.940 1.840
Al 2.587 2 B 394 2.321  2.208 2.213
T1 0.000 0 0.000 0.000 0.000 0.000
Fe 2.033 2 2057 2.046 2.2855 2.176
Mn 0.032 0 0.021 0.008 0.018 0.010
Mg 7.135 6 6.818 6.905 7.363 7.374
Ca 0.083 0 0.035° 0.164 0.019 0.034
Na 0.008 0 0.019 0.015 0.004 0.004
K ¢.000 -0 0.020 0.020 0.003. 0.005"

‘
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TROODOS EPIDOTE/CLINOZOISITE ANALYSES

A.16

S.# 008 0086 024 024 Bf B2
D.(m)  1073.2 1073.2 1196.9 1105.9 1¥8.3 -1996.3
Si0,  38.79  38.84  38.69  38.43  37.77  37.39
Ti0, ©0.08  0.07 0.68  0.16 0103  0.13
A1,0, 23.99 26.76 24.20 27.66. 24.5  23.20
FeO 11.71  9.48 10.61  6.41 11.08  12.73
MnQ 0.21, 0.26 ©0.00 002  0.06  0.02
Mg0 0.12 0.04 .0:18 0,10 0.05 0.14
Ca0 23.35  24.03  24.18  24.69  23.84  23.41
Na,0 0.02  ©0.000 0.00 Q00  0.00  0.00
K,0 .0.03 0.0 0.00 0.00  0.04  0.00
Total  98.30  98.49  98.5!  97.47  97.35  97.11 :

NO.OF IONS ON THE BASIS OF }'h(o,on)

S1

‘Al

Al
T1
Fe
Mn
Mg
Ca .
Na
K

.247
.000
1368
.005
.820
.015
.018
.094
.003
.Q03

OONOOOONOW

OCONOOOOMNMOW

.210
.000
.509
.004
.855
.018
.005
.128
.000
.001

.220
.000-
.373
.043
.738
.000
.019
.156
.000
.000

OCOOMNOOOONDODW

L

OCONOOOONOW

.162
.000
.882
.010
.441
.001
.012
177
.000
.000

.191
.000
.440
.002
.781
.004
.006
.158
. 000
.004

OCONOOOONOW

QONOO0OO0OO0ONOW
O
e
o
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TROODOS EPIDOTE/CLINOZOISITE ANALYSES
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S.# 047 ‘947 047 B2 B2 B2

D.(m) 1395.2 '1395.2 1396.2 1996.3 1996.3 1996.3

S10, 39.09 39.02 39.14 38.41 "37.59 39.25

T10, 0.056 0.00 0.00 0.07 0.04 0.12

Al,04 31.28 30.81 31.57 24.14 22.60 23.82

FeO 2.69 3.73 3.54 11.7 13.30 11.72

MnD 0.16 0.06 0.15 ~ 0.13 0.08, 0.06

Mgo 0.10 0.09 0.14 0.07 3.88 0.07.

Cal 24.82 24.36 24 .30 23.64 20.58 23.51 .
Total 87.99 88.07 98.84 98.18 98.07 98.26

NO.OF IONS ON THE BASIS OF 13(0,0H)

st
Al -
Al
Ti
Fe
Mn -
ug

. Ca

.128
.000
. 949
.003
.180
.011
.012
L1111

NOOOONOW

.133
.000
.9186
.000
.250
.004
.011
.0886

NOOOONMNOW

NOOOONOW

.113
.000
.869
.000
.235
.010
.017
.071

.222
.000
.387
.004
.822
.008
. 009
.125

MOoOoOooNOWw

~O0O0O0OO0ONOW

.169
.0C0
. 245
.003
.938
.008
.488
.887

NOOOONOW
Q
o
(]
[

N
[0}
w

-

o
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A.17. TROODOS PREHNITE ANALYSES
S.# 008 008 . 008 008 006 006 ,
FROM ALTERATION ZONE AT 1073.2m
Q -
S10, 43.29 43.86 _ 43.93 44.81 44.77 43 .81
- T10, 0.01 0.02 0:05 0.04 0.02 0.02
A1,0, 22.89 22.08 22.75 22.86  22.60 23.27
FeO 2.54 2.03 1.30 0.88 0.94 0.91
Mno 0.02 " 0.07 0.06 - 0.13 0.08 0.09
MgO 0.02 0.04 0.02 - 0.04 0.0t 0.01
Ca0 26.64- 27.31 26.94 27.41 26.40 27.681
N Na,0 0.08 0.05 0.08 0.05 0.19 0.00
" K,0 0.01 0.00 0.00°  0.00 0.01 0.00 -
Totsl 95.48 95.44 95.13 ‘'96.22 95.02 95.72

» : * NO.OF IONS ON THE BASIS OF 24(0,0H)

: S1 6.733  6.667 6.661 68.704 6.763 8.603
LS : Al 0.000 0.000 0.000  0.000 0.000 0 %00
’ Al 3.829 3.952° 4.065 4.030 4.023 4.133
T 0.Q01 0.002 0.008 0.005 0.002 0.002
Ke 0.330 0.258 0.165 0.110 0.119 0.1186
Mg 0.005 0.009 0.005 0.009 0.002 0.002
Mn 0.003 0.009 0.008 0.016 0.010 0.010
Ca 4.439 4.448 4§.377 - 4.394 4.273 4.459
Na 0.018 0.015 0.024 0.015 0.056 0.000 |,
K 0.002 0.000 0.000 0.000 0.02 0.000
L *
’
. .
- \ .
_




TROODOS PREHNITE ANALYSES _

S.#* 047 047 047 035 035 035
D.(m)  1395.2 1395.2 1395.2 1271.2 13:132 1271.2
S10, 43.54 42.80  43.37  43.78 4502  45.25
TlOé 0.056 0.00 0.00 0.04 0.00 0.11
A1203 23.83 23.5656 22.73 22.89 23.29 22.95 - °?
.FGO 0.19 0.19 0.12 1.30 - 0.37 0.78
MnO 0.00 0.00 0.00 0.04 0.04 0.01
Ng0 0.03 0.00. 0.00 0.04 0.0t 0.00
Ca0 28.07 27.77 .25 28.02 27.79  27.56
Na0 , 0.00 0.00 0.12 0.30 0.00 0.02
K0 0.00 0.00 0.00 0.0t 0.00 0.06
Total  95.51 94.31 92.59 96.42 96.52  96.74
NO.OF IONS'ON THE BASIS OF 24(0,0H)
s1 6.563 .6.538 6.704 6.584 6.696  6.725
Al 0.000  0.000 0.000 0.000 0.000  0.000
Al “4.187°  4.238  4.140 . 4.056  4.082  4.019
Tt 0.006 .0.000 0.000 0.006 0.000 0712
Fe 0.024 0.024 0.016 0.163 0.046  0.097
g 0.007 ° 0.000 0.000 0.009 0:002  0.000
Mn 0.000 0.000 0.000 0.005 0.005 0.001
Ca 4.533  4.544 4.347 4.516  4.429  4.388
Na 0.000 0.000 0.038 0.087 0.000  0.008
K 0.000 Q.000 0.000 0.002 0.000  0.01%

[ i
s
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TROODOS ‘PREHNITE ANALYSES

S.# 039 039 046 046 046 046
D. (m) 1313.8 1313.8 1386.9 1386.9 1386.9 1386.9
S10, 43.89 43.83 42.95 42.186 43.28 42.90
T10, 0.03 0.00 ngo 0.00 0.00 0.00
A1,0, 23.75 23.70 22.04 22.67 23.13 23.08
FeO 0.05 0.0t 1.64 1.16 0.90 0.32
MnO 0.01 0.00 0.00 0.07 0.00 0.03
MgO0 0.02 0.01 0.04 0.01  0.04 d.oa
Cal 27.45  27.71 27.08 27.84 27.18 26.56
Na,0 0.05 0.05 0.04 1 0.00 0.00 0.00
K,0 0.03 - 0.04 0.00 0.00 0.00 0.00
Total 95.28. 95.35 93.79 93.91 . 94.53 92 93
» -
NO.OF IONS ON THE BASIS OF 24(0,0H)
s1 6.609 .8.601 ° 6.635 6.516 6.600 6.625
Al 0.000 0.000 . 0.000 0.000 0.000 0.000
Al 4.214 4.208 4.012 4.129 .4.158 4.200
Tt 0.003 0.000Q 0.000 0.000 0.000 0.000
Fe 0.008 0.001 0.212 0.1560 0.115  0.04t
Mg 0.004 , _0.002 0.009 0.002 - 0.009 0.009
Mn 0.001 0.000 0.000 0.009 0.000 0.004
Ca 4.429 4.471 4.482 4.810 4. 441 4.394
Na 0.018 0.015 0.012 0.000 0.000 0.000
K 0.008 0 0.000 0.000 0.000 0.000

.008




TRCODOS PREHNITE ANALYSES
3

S.®# . 024 024 oY B40 B40 B40
D.(m) 1195.9 1196.9 1195.9‘ 1999.8 1999.8 1999.8
s10, 42.20 42 86 43.13 43.92 43.79 43.82
T10, 0.00 0.02 ¢+ 0.00 0.00 . 0.00 0.00
A1,0, 20.13 20.89 22.49 _ 24.66 24 .37 24 .46
- FeO 3.89 °  3.87  1.47 0.33 0.25 0.17
MnO 0.00. . 0.02 0.00 0.00 0.00 0.00
Mg0 0.02 . 0.00 0.00 0.03 0.01 0.02
Cad 27.15 27..16 26. 88 27.49 27.99 26.23
- Na,0 0.29 0.00 0.00 0.02 0.14 0.12 \\\
K,0 0.00 0.00 - 0.00  0.02 "0.00 0.00
Total 93.68 94.82 93.97 06.47 97.05 94.84
NO.OF IONS ON THE BASIS OF 24(0,0H)
S1 6.635 + 6.635  6.633  6.537 6.491 . 6.602
[ ‘ Al . 0.000 0.000 ° 0.000 ~  0.000 0.000 0.000
. Al 3.729 3.811 4.076 4.325 4.344 4.342
T1 - 0.000 0.002 0.000 0.000 0.000 0.000
Fe 0.611  -0.501 4 0.189 0.041 . 0.03t 0.021
Mg 0.005 0.000 0.000 ~ 0.007 -0.002 0.004
- o Mn 0.000 000 0.000 0.000 0.000 0.000 .
Ca 4.5 ' 4.5058 "4.429 4.384 4.445 4.237
l - Na 0.088% 0.00¢  0.000 0.008 0.040 0.035
K 0.000 ~—9.000 0.000 0.004 0.000 0.000
} - |
lI .. .. . -
. ;
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.
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TROODOS PREHNITE ANALYSES

-

201

B4O0 =

Si
Al
Al
Ti
Fe
Mg
: Mn
i Ca
‘ K

.536
.000
.219
.0086
.064
.065
.003
.464
.000

O O0OO0O00QAae0OO

‘OO ODOMOD

.430

.312
.002
.049
.005
.000
.810
.000

.000

OBhOOOOBO®

.464
.000
.133

.149
.011
.018
.682
.000

.

.005

O OO0 OOO®

.588
.000 -
.335
.000
.009
.002
.003
.343
.000

96.05

- NO.OF IONS ON THE BASIS OF 24(0,0H)

.529
.000
.398
.001
.029
.002
.005
.308
.000

O OO0 O0COHLMOO

S.s 081 081" . 061 B40——  B40 .
D (m) 1483.7 1483.7 1483.7 1999.8 1999.8 1999.8
S10, . #42.23  41.38  42.569  43.98  43.78  48:59
T10, 0.05 Q02  0.04 0.00 0.01 0.02
A1,0, 23.13 , 23.55 23.11  24.64 25.01  24.76
Fe0 0.42 0.38  1.17 0.07 0.23 0.15
MnO 0.02 0.00 0.14 0.02 0.04 0.00 -
A MgO 0.28 0.02 0.03 0.01 0.01 0.05
v . ca0 26.92  27.69  28.79  27.15  26.96  26.64
Na,0 0.00 0.00  .0.00 0.03 0.00° 01
K,0 0.00  0.00 0.00 0.03 0.01 0.04:
Total 93.05 . 93.04 95.89  95.93 95.66

.532
.000
.372
.002
.018
.011
.000
4277
0.000

OO0 OO0 OOM

P -~

e e T




A.18. TROODOS GARNET ANALYSES

-

S.# 008 0086 021 021 024 . 024
D(m) 1073.2 1073.2 1175.4 1175.4 1195.9 1195.9 ,
S10, 36.13 368.70 35.98 34.98 36.37 36.41
T10, 0.22 0.13 0.63 0.77 0.32-  0.79,
Al,0, 4.19 4.83 1.33. 1.18  -3.39 2.23
Fe0 24.85 23.83 28.71 28.81 25.00 25.26 .
MnQ 0.30 0.29 0.25 0.28 0.22 0.29
Mgo 0.02 0.07 0.05 0.08 0.08 0.09
Ca0  34.59 33.57 33.0  33.88 34.59 34.11
Na 0 0.00 0.00 0.00 0.13 0.00 0.00
K0 0.00 0.03 0.00 0.00 0.00 0.00
Total 100.30 ©9.45 100.85 100.186 99.973, 99.18
NO.OF IONS ON THE BASIS OF 24 OX¥GENS. ' .
S1 6.278 8.364 8.355 6.210 8.39% 6.476
Al 0.000 0.000 0.000 0.000 Q.000 ‘0.000
Al 0.858 0.987 0.277 0.247 0.703 0.467 -
Ti 0.020 ° 0.017 0.084 0.103 0.042 0.106
Mg 0.005 0.018 0.013 0.Q13 0.021 0.024
Fe 3.611 3.456 4.241 4.277 3.678  3.757
Mn 0.044- 0.043 _ 0.037 0.039 0.033 0.044 \
Ca 8.439 8.237 6.415 6.653 6.332 6.310
g‘ﬂ Q.000 0.000 0.000- 0.045 0.000 0.000
0.000 0.007 0.000 0.000 0.000 0.000
- GROSS 683.76 63.95 59.92 60.58 62.9é . 62;26
ALM 35.75 35.43 39.81 38,94 36.55 37.07
PYRO 0.05 0.19 0.12 " 0.12 0.21 0.24
SPESS 0.44 0.4 0.35 0.38 0.33 0.43
. 1]
A.19. TROODOS SPHENE ANALYSES
S.# 035 038 039 024 046 046
D.(m) 1271.2 1313.8 1313.8 1195.9 1388.9 1386.9
S10, 31.20 30.88 30.43- 31.22 30.99 30.23
T10, ~ 39.18 34.62 36.12 39.14 37.91 39.48
Al 0, ~ 0.50. 0.81 0.95 1.11 0.80 0’12
FeO 0.46 1.85 "1.68 0.98 10.88 0.80- . .
Mno 0.00 0.03 0.02 0.00 0.00 - 0.03 . 3
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"}
Mg0 0.00 - 0.00 0.02 0.05 - 0.08 0.01
Ca0 29.02 29.41 29 .36 28.36 29 .24 28 .84
Na 0 0.03 0.08 0.08 0.00 0:00 0.03
K;0 0.Q3 0.03 0:04°° 0.01 0.02 €.02 .

Total 100.42 97.17 87 .60 100.87 89 .68 99 .56

NO.OF IONS ON THE BASIS OF 20(0,0H)

S1 L.oss 4.151 4.104 4.040 4.067 3.985
Al 0.000 .0.000 0.000 0.000 0.000 0.015
Al 0.077 0.129 0.151 0.169 ° 0.124 0.004
TL 3.833 3.525 3.562 3.809 3.741 3.914
. Fe . 0.060 0.175 0.178 0.106 ©0.072  0.088
. Mg 0.000 0.000 0.004 0.010 0.012 0.002
Mn 0.000 0.003 0.002 0.080  0.000 0.003
Ca 4.045 4.268 4.243 3.932 4.111 4.074
] Na . 0.008 0.016 ,0.021 ° 0.000 0.000 0.008
K 0.005 0.005 0.007 0.002 0.003 0.003
L
¢ N
!‘ <
¢
i ) .
\\
0
” &
|
7 .
1

WPy
-
ogu <=~ ’




N

A.20. TROODOS ZEOLITE ANALYSES

PRy

. 5.8 245 245 245 245 220 220
€ p.m) 321.4 321.4 331.4 - 321.4 482.7  482.7

$10,, 54.73  52.83  60.01 63.84 61.94 -52.54
Al0, 20.79  21.07 186.71 21.03  21.14  21.36
Ca0 10.93 11.87 8.57 10.63 11.76 11.61
Na 0 0.19 0.08 0.24 0.3  0.00 0:10
K,0 0.08 0.03 0.00 0.50 . 0.00 0.14
Total 86.72 85.68 . 85.53 B86.36 84.84  85.75
NO.@)E IONS. ON THE BASIS OF 48 EQUIV.
S1 16.609 16.308 18.118 16.469 16.204 16.221
Al 0.000 -0.000 0.000 - 0.000 0.000 . 0.000
Al 7.435 7.863 5.945 7.680 7.772 ~ 7.77%1 -
Ca 3.564 3.869 2.772  3.484 3.931 3.840

. Na ,0.112  0.048  0.140  0.213  0.000  0.060
K 0.031 0.012  0.000 o.mgs 0.000  0.085
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