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Foreword Avant-propos 

In 1978, an international consortium of scientists from 
Canada, Denmark, the United Kingdom, Iceland, the United 
States, and West Germany successfully completed a research 
deep drilling project in Iceland. These scientists subse- 
quently formed the International Crustal Research Drilling 
Group (ICRDG), to organize further deep drilling investiga- 
tions and to compare the results with those from the Deep 
Sea and Ocean Drilling Projects. It was hoped, in this way, 
to better understand the structure and composition of the 
ocean crust. The projects undertaken by the group were 
selected and organized by a Management Panel and each 
project was overseen by a Project Director. The members 
of the Management Panel during the period of 1980 to 1986 
were: Dr. Abdul Razzak Bakor, King Abdul Aziz Univer- 
sity, Saudi Arabia; Dr. Robert Baragar. Geological Survey 
of Canada, Canada; Dr. Tom Calon, Memorial University, 
Canada; Dr. George Constantinou, Geological Survey De- 
partment, Cyprus; Dr. Martin F.J. Flower, University of Illi- 
nois, U.S.A.; Dr. Ingvar Birgir Fridleifsson, Orkustofnun, Ice- 
land; Dr. Ian G. Gass, The Open University, U.K.; Dr. Ian 
L. Gibson, University of Waterloo, Canada; Dr. James Hall, 
Dalhousie University, Canada; Dr. James Hawkins, Scripps 
Institution of Oceanography, U.S.A.; Dr. H.P. Johnson, Uni- 
versity of Washington, U.S.A.; Dr. John Malpas, Memo- 
rial University, Canada; Dr. Eldridge Moores, University of 
California, U.S.A.; Dr. John Orcutt, Scripps Institution of 
Oceanography, U.S.A.; Dr. Andreas Panayiotou, Geological 
Survey Department, Cyprus; Dr. Paul T. Robinson, Chair- 
man, Dalhousie University, Canada; Dr. Fritz Rummel, Ruhr- 
Universitat Bochum, West Germany; Dr. Matthew Salisbury, 
Dalhousie University, Canada; Dr. Andrew Saunders, Univer- 
sity of Leicester, U.K.; Dr. Hans-Ulrich Schmincke, Ruhr- 
Universitlt Bochum. West Germany; Dr. Gunther Schoen- 
halting, University of Copenhagen, Denmark; Dr. M. Treuil, 
UniversitC Pierre et Marie Curie, France; Dr. Fred Vine, Uni- 
versity of East Anglia, U.K. 

Ophiolites have long been recognized as portions of an- 
cient oceanic lithosphere emplaced on to continental margins 
during periods of orogenesis. As such, complete ophiolites 
present a stratigraphy of the oceanic crust and the underlying 
upper mantle. P.T. Robinson proposed that ICRDG investi- 
gate the Troodos ophiolite in Cyprus. The Troodos ophiolite 
is one of the best studied and least deformed ophiolites avail- 
able for investigation, and its unique domal structure pe~mits 
sampling of the complete stratigraphy in a series of relatively 
shallow holes. An integrated petrological, structural, and geo- 
physical study of the ophiolite, involving both field mapping 
and diamond drilling was therefore planned. The proposal 
was folmally approved by the Management Panel in May, 
1980. P.T. Robinson was appointed Project Director with 
overall responsibility for the drilling operations and organiza- 
tion of the scientific investigations. 

En 1978, un groupe international de scientifiques du Canada, 
du Danemark, du Royaume-Uni, de I'Islande, des ~ t a t s - ~ n i s  
et de I'Allemagne de I'Ouest a complCtC avec succks, en Is- 
lande, un projet experimental de forage A grande profondeur. 
Ces scientifiques ont notamment fond6 le groupe international 
(International Crustal Research Drilling Group, ICRDG) afin 
d'organiser d'autres forages experimentaur de la crofite ter- 
restre et de comparer les rksultats de projets de forage profond 
aux rCsultats obtenus dans le cadre du Projet de forage des 
fonds marins. I1 etait espCr6, de cette fa~on ,  A permettre une 
meilleure comprkhension de la structure et de la composition 
de la crofite oc6anique. Les projets entrepris par le groupe 
Ctaient choisis et organisb par un comitt de gestion, et chaque 
projet Ctait supervise par un directeur de projet. Les mem- 
bres nommCs au cornit6 de gestion durant la pdriode allant de 
1980 i 1986 Ctaient: M. Abdul Razzak Bakor, universite King 
Abdul Aziz, Arabie Saoudite; M. Robert Baragar, Commis- 
sion gCologique du Canada, Canada; M. Tom Calon, univer- 
sit6 Memorial, Canada; M. George Constantinou, Commis- 
sion gCologique de Chypre, Chypre; M. Martin F.J. Flower, 
universitk de I'Illinois, 8.-u.; M. Ingvar Birgir Fridlefsson, 
Orkustofnun, Islande; M. Ian Gass, The Open University, R.- 
U.; M. Ian Gibson, universitC de Waterloo, Canada; M. James 
Hawkins, Scripps Institution of Oceanography, 8.-u.; M.H.P. 
Johnson, universiti de Washington, 8.-u.; M. John Malpas, 
universite Memorial, Canada; M. Eldridge Moores, univer- 
sit6 de Califomie, 8.-u.; M. John Orcutt, Scripps Institu- 
tion of Oceanography, E.-u.; M. Andreas Panayiotou, Com- 
mission gCologique de Chypre, Chypre; M. Paul T. Robin- 
son, President, universitt Dalhousie, Canada; M. Fritz Rum- 
mel, Ruhr-Universitat Bochum, Allemagne de I'Ouest; M. 
Matthew Salisbury, universit6 Dalhousie, Canada; M. Andrew 
Saunders, universitt de Leicester, R.-U.; M. Hans-Ulrich 
Schmincke, Ruhr-Universitat Bochum, Allemagne de I'Ouest, 
M. Gunther Schoenharting, universit6 de Copenhague, Dane- 
mark; M. M. Treuil, universitd Pierre et Marie Curie, France; 
M. Fred Vine, universite de East Anglia, R.-U. 

On admet depuis longtemps que les ophiolites sont des 
portions de I'ancienne lithosphbre ockanique dont la mise 
en place a eu lieu sur les marges continentales durant des 
pCriodes d'orogCnkse. De ce fait, les ophiolites complbtes 
reprksentent une stratigraphie de la croQte ockanique et du 
manteau sup6rieur. M. P.T. Robinson a sugg6rC que ICRDG 
assume l'investigation de l'ophiolite de Troodos ii Chypre. 
L'ophiolite du Troodos est I'une des ophiolites a mieux 
CtudiCe et la moins dCformCe que I'on puisse examiner, 
et sa structure exceptionnelle en forme de d8me permet 
I'Cchantillon de la colonne stratigraphique toute entibre au 
moyen d'une sCrie de sondages relativen~ent peu profonds. 



During the period 1980 to 1982, tlie Cyprus Government 
approved the project, supporting funds were obtained from a 
variety of sources, and field studies were started. A drilling 
contract with Bradley Bros., Noranda, Quebec, Canada was 
approved by the Management Panel in October 1981, and 
drilling began in April, 1982. The drilling continued inter- 
mittently until March, 1985, by which time five holes had 
been drilled at three sites. Total penetration was approxi- 
mately 4563 metres with an average core recovery of over 
95%. 

Funding for the project came from a number of agencies: 
The National Science and Engineering Research Council, the 
International Development Research Centre, Dalhousie Uni- 
versity, Memorial University, and the University of West- 
ern Ontario (Canada); the Natural Science Research Coun- 
cil (Denmark); tlie Natural Environment Research Council 
and the Royal Society (United Kingdom); the National Sci- 
ence Foundation (United States); the Volkswagen Foundation 
(West Germany); King Abdul Aziz University (Saudi Arabia); 
and the Government of Cyprus. In all, a total of approx- 
imately Can. $1,575,000 was spent on drilling and related 
work and roughly equal amounts on field studies, geophysi- 
cal logging, and laboratory studies. 

The core recovered from the drillholes is stored in a facility 
provided by the Government of Cyprus in Nicosia and can be 
accessed with the permission of the Geological Survey De- 
partment of Cyprus. Lithological core logs were produced on 
site after recovery of tlie core and are available from ICRDG 
at the Centre for Marine Geology, Dalhousie University, Nova 
Scotia, Canada. 

The ICRDG Management Panel acknowledges with thanks 
the support provided by the Geological Survey of Canada in 
publishing the Initial Report volumes as GSC Papers. Paper 
85-29, Cyprus Crustal Study Project, Initial Report, Holes 
CY-2 and 2a, was published in  1987, and describes work on 
holes drilled to investigate the Agrokipia ore deposit. Paper 
89-9, Cyprus Crustal Study Project, Initial Report, Hole CY- 
4, was published in 1989 and describes work on a deep hole 
drilled through the sheeted dykes and gabbros and into the 
ultramafic unit. This final volume on Holes CY-I and IA dis- 
cusses holes drilled through the pillow lava succession. The 
volumes aim to present descriptions of the cores along with 
other geological, geophysical, and geochemical data. No at- 
tempt has been made to reconcile differences in interpretation 
between authors of papers in the volume. The papers were 
reviewed by the editors who are grateful to colleagues who 
provided external reviews. The editors gratefully acknowl- 
edge the assistance of Wendy MacIntosh in supervising the 
compilation of this volume. 

Durant la p6riode 1980 B 1982 les Ctudes de terrain ont 
dCbutCes, les propositions concernant la recherche ont CtC 
rCdigCes et une approbation du projet par le gouvernement 
de Chypre a BtB obtenu. Un contrat de forage conclu avec 
la sociCt6 Bradley Bros. B Noranda (Qutbec) au Canada, 
et les sondages ont commencC en avril 1982. Les for- 
ages ont continut de f a~on  intermittente jusqu'en mars 1985, 
Cpoque B laquelle cinq sondages avaient d6ja 6th effectu6s 
B trois endroits. La profondeur totale de penetration Ctait 
d'environ 4563 m, et le taux moyen de rkcupCration des 
carottes ddpassait 95%. 

Le financement du projet a dtd assurd par un certain nom- 
bre d'organismes: le Conseil national de recherches scien- 
tifiques et technologiques, 1'International Development Re- 
search Centre (Centre de recherches sur le dCveloppement 
international), 1'universitC Dalhousie, I'universit6 Memorial 
et l'universit6 de Western Ontario (Canada); le Conseil de 
recherches des sciences naturelles (Danemark); le National 
Environmental Research Council et la Royal Society (R.-U.); 
la National Science Foundation (8.-u.); la fondation Volk- 
swagen (Allemagne de 1'Ouest); I'universitC King Abdul Aziz 
(Arabie Saoudite); et le gouvernement de Chypre. En tout, a 
CtC consacre un total d'environ 1 575 000 $ CAN aux forages 
et aux travaux connexes, et une quantitC approximativement 
Cgale aux Ctudes de terrain, aux diagraphies gCophysiques et 
aux Ctudes en laboratoire. 

Les carottes extraites des trous de sondage sont entreposCes 
dans une installation fournie par le gouvernement de Chypre 
h Nicosie, et il et possible d'avoir accks h ces kchantillons 
avec la permission de la Commission gCologique de Chypre. 
Des diagraphies litholoqiques des sondages one 6te produites 
h I'endroit du forage, aprks I'extraction des carottes, et peu- 
vent &tre obtenues auprgs de I'ICRDG au Centre de gCologie 
marine (Centre for Marine Geology) de I'universitC Dalhousie 
(~ouvelle-Bcosse) au Canada. 

Le Comit6 de gestion de I'ICRDG remercie la Commis- 
sion gCologique du Canada qui l'a aid6 i publier les volumes 
du Rapport initial en tant que documents GSC. Le document 
85-29, l'etude de projet de la croGte de Chypre, rapport ini- 
tial concernant les trous CY-2 et 2A, a CtC publiC en 1987 
et donne une description de travail sur le trou de forage pro- 
fond dans les couches de dykes, gabbros et la section ultra- 
mafique. Ce dernier volume sur les trous CY-I et IA dCcrit 
I'ensemble des trous de forage dans les laves en coussins. Ces 
volumes donnent des descriptions des carottes de sondage, 
de m&me que d'autres donn6es gkologiques, geophysiques et 
gtochimiques. On n'a pas cherch6 h accommoder toutes les 
differences d'interpretation que l'on peut noter entre articles 
rCdigCs par divers auteurs et regroup6s dans ce volume. Les 
articles one CtC examines par les rkdacteurs, qui remercient 
leurs collkgues d'avoir pr6sentk leurs critiques. Les rddacteurs 
expriment leur reconnaissance B Madame Wendy MacIntosh 
pour l'aide qu'elle leur a prodiguee au compilation du present 
volume. 



ICRDG acknowledges with gratitude those agencies which 
have supported its research drilling programmes. Special 
thanks are due to Drs. G. Constantinou, A. Panayiotou, 
and C. Xenophontos of the Geological Survey Department, 
Cyprus. This project is an example of the successful coopera- 
tion between a number of national governments, the industrial 
sector, and the academic community. 

ICRDG Management Panel 
September, 1991 

L'ICRDG exprime sa reconnaissance aux organismes qui 
ont appuy6 ces programmes de forage experimental. Les 
membres du comit6 de gestion remercient en particulier MM. 
G.  Constantinou, A. Panayiotou et C. Xenophontos de la 
Commission gkologique de Chypre. Ce projet est un exemple 
de succks de la. coopkration entre un certain nombre de gou- 
vernements nationaux, le secteur industriel et la collectivitk 
acadbmique. 

Comid de gestion de I'ICRDG 
septembre 199 1 
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Holes CY-1 and 1A of the Cyprus Crustal Study Project: 
Background and Objectives 

PAUL T. ROBINSON 

Centre for Marine Geology, Dalhousie University, Halifax, Nova Scotia, Canada B3H 3J5 

Rohiluon, P.T., 1991: Holes CY-I and 1A of rlre Cyprws Ci'rrstal Strrdy Project: backgi.orind arid o1)jectives; ill 
Cyl11ws C~xsral Str~dy P~nject: I~zitial Report, Holes CY-I altd IA,  ecls. Gibson, I.L., Malpas, .I., Rohinso~~,  P.T., 
utld Xenopllontos, C.; Geolo,qical S111,vey qf Canaclu, Paper 90-20, p. 1-4, 1991. 

Abstract 

A 2 km-deep research borehole (CY-I) was planned as part of the Cyprus Crustal Study Project (CCSP) to 
sample the lavas and upper sheeted dykes of the Troodos ophiolite. This hole was spudded at the top of the 
lava pile in the Akaki Canyon, about 1 km north of the village of Malounda. Specific questions to be addressed 
included: ( 1 )  What is the structure of the extrusive section and how does it vary with depth? (2) What 
geochemical variations exist in the Troodos lavas? (3) How does alteration of the lavas and dykes vary with 
depth? (4) What is the nature of the lava-dyke transition? and (5) How do the physical and magnetic properties 
of the lavas and dykes vary with depth? Hole CY-I, drilled in the summer of 1982, penetrated 485 m into the 
lavas before being terminated due to poor hole conditions. Subsequently, an offset hole (CY-IA), was drilled 
in 1984 and 1985 to sample the lower part of the lavas and upper sheeted dykes. This hole penetrated 700m 
before being terminated due to high water pressure. These two holes, coupled with associated field studies, 
provided a three-dimensional picture of the upper part of the ophiolite. Studies of the core material and field 
samples are detailed in the accompanying papers. 

Le trou de forage (CY-1) destines 2 la recherche, a 6tC planifit dans le cadre du projet d'Ctude de la croGte 
cypriote pour Cchantillonner les laves et le complexe de dykes supCrieurs de l'ophiolite de Troodos. Le forage 
a CtC effectu6 au sommet de la pile de lave dans le canyon d'Akaki B environ I km au nord du village de 
Malounda. On s'est adressk aux questions spCcifiques suivantes: (1)  Quelle est la structure de la section 
extrusive et comment varie-t-elle avec la profondeur? (2) Quelles sont les variations gkochimiques existantes 
dans les coulCes de lave de Troodos? (3) Comment I'altCmtion des dykes et des laves varient-elles avec 
la profondeur? (4) Quelle est la nature de la transition lave-dyke? (5) Comment les propri6tCs physiques 
et magnktiques des dykes et des laves varient-elles avec la profondeur? Le sondage s'est fait jusqu'h une 
profondeur de 485 m dans la lave pendant I'CtC de 1982 avant de mettre fin aux travaux CY-I B cause des 
mauvaises conditions que prksentaient le trou. Un trou de compensation CY-IA a donc CtC for6 en 1984-1985 
afin d'dchantillonner la partie infkrieure des laves et la partie superieure du complexe de dykes. Le forage s'est 
fait jusquTB une profondeur de 700m lorsqu'on a arrEt6 les travaux B cause de la forte pression en eau. Ces 
deux trous de forage ainsi que les Ctudes sur le terrain s'y rapportant prCsentent un profil tri-dimensionnel de 
la partie superieure de l'ophiolite. Les etudes du mathriel brut ainsi que les Cchantillons prClev6s sur le terrain 
sont prCsent6s en details dans les documents ci-inclus. 



Holes CY-I and I A  of the Cyl>nrs Crustal Study Project: Background and Objectives 
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Figure 1: Generalized geologic map of the Akaki Canyon showing locations of CCSP Boreholes CY-I and 1A 
(modified from Schmincke et al., 1983; Mehegan and Robinson, this volume). 



P.T. Rohirtsori 

INTRODUCTION 

The Cyprus Crustal Study Project was a combined field 
and research drilling investigation of the Troodos massif of 
Cyprus, undertaken by the International Crustal Research 
D l ~ l l ~ n g  .' . Group (ICRDG). The main aims of the project were 
to determine the structure, petrology, tectonic environment 
and mode of emplacement of the ophiolite in order to evalu- 
ate the ophiolite model for oceanic crust. The research drilling 
was undertaken primarily as a means of recovering a complete 
section of the ophiolite from the top of the extrusive sequence 
to the underlying mantle. The domal structure of the Troodos 
massif suggested that tlie entire crustal section could be sam- 
pled in two offset holes, each about 2.5 km deep. One hole 
(CY-I) was planned to extend from the top of the lavas to 
the lower part of the sheeted dykes and the other (CY-4) was 
intended to sample the lower dykes and the plutonic section. 

Hole CY-1, spudded at the lava-sediment contact in the 
Akaki Canyon north of the village of Malounda (Figure I), 
penetrated 485 m into the lavas before it had to be abandoned 
because of hole instability. Hole CY-IA, located about 1 km 
south of CY-1, penetrated the lower lava section and the upper 
part of the sheeted dykes to a depth of 700m before it was 
terminated due to high water pressure. The lower dykes and 
most of the plutonic section were sampled in Hole CY-4, 
located near the village of Palekhori (Gibson et al., 1989). 
Holes CY-2 and 2A sampled a stockwork zone beneath the 
Agrokipia ore deposit (Robinson et al., 1987). Hole CY-3 
was not drilled. 

Drilling in the lavas and sheeted dykes was intended to 
complement field studies in the area and to help answer a 
number of specific questions: 

I. What is tlie structure of the lava pile and how does it 
vary with depth?, 

2. What geochemical variations exist in the lavas and how 
can these be related to the lava stratigraphy? 

3. Does alteration of the lavas increase systematically with 
depth or are there distinct alteration zones? Can the alter- 
ation be related to an axis and off-axis sequence? Holes 
CY-1 and 1A are located well away from any known 
sulphide ore deposit and were intended to sample a zone 
of downwelling, perhaps associated with upwelling be- 
neath tlie Agrokipia ore deposit sampled in Holes CY-2 
and 2A (Robinson et al., 1987). 

4. What is the nature of the boundary between the lavas 
and the sheeted dykes? Early studies suggest that the 
boundary is transitional and that the dykes increase from 
about 50% to over 90% in a 100-m-thick interval (Gass, 
1980). 

5. What physical and magnetic variations can be detected 
in the lavas and dykes through sample measurements and 
downhole logging and how can these be correlated with 
lava stratigraphy and alteration patterns? 

It was anticipated that the drilling results, combined with 
field studies of the volcanic rocks and sheeted dykes would 
provide a complete three-dimensional picture of the upper part 
of the ophiolite. In fact, Holes CY-I and 1A were highly suc- 
cessful, with a combined penetration of nearly 1200 m and a 
core recovery of more than 90%. These two holes provide a 
nearly continuous sample of tlie extrusive section and of the 
dyke-lava boundary. Studies of the core material and adja- 
cent field relationships, as outlined in this volume, provided 
answers to most of the questions posed and yielded a much 
better understanding of the origin and evolution of tlie lavas. 

Site Selection 

Holes CY-I and I A were selected on both geologic and oper- 
ational criteria. Geologically, we hoped to complete all of tlie 
planned drilling in a single structural block on tlie northern 
flank of Troodos. Thus, the holes were planned to lie approxi- 
mately along the trend of the sheeted dykes in an area of little 
structural complexity. Furthermore, Holes CY- 1 and 1 A were 
intended to lie within the downwelling zone surrounding tlie 
Agrokipia ore deposits, which were sampled in Holes CY-2 
and 2A. Operational constraints included the need for a rel- 
atively flat area on which to place the drill rig, road access 
sufficient for heavy-duty trucks, and availability of water. 

Based on the above criteria, a site for CY-I was selected 
about 1 km north of the village of Malounda, just off the road 
linking Nicosia and Palekhori (Figure 1). The site is located 
in the Akaki Canyon at tlie boundary between the lavas and 
the overlying sediments. A flat area on which the rig could 
be placed already existed on the valley floor and water was 
available from the adjacent stream. 

The geologic relationships at this site turned out to be 
roughly as expected from the study of adjacent outcrops, but 
drilling was more difficult than anticipated. The rubbly and 
unconsolidated nature of the rock led to frequent caving of 
the boreliole walls and caused torquing and sticking of the 
pipe. When the pipe became irretrievably stuck at 485 m, the 
hole had to be abandoned. 

In order to sample the remainder of the lava pile, Hole 
CY-1A was located about 1 km south and 400m updip of 
Hole CY-I. The site was selected to provide about 501n of 
stratigraphic overlap with the base of CY-I and to sample the 
lower part of the extrusive section including the lava-dyke 
contact. This hole is also located in the Akaki Valley where 
water and a suitable drilling site were both available. 

Operations 

The drilling portion of the Cyprus Crustal Study Project began 
with Hole CY-I. The drill rig was shipped from Canada 
and arrived on site on April 22, 1982. Site preparation and 
assembly of the rig took a week to complete, and drilling 
commenced on April 29th. 

Because the hole was planned to go to a depth of 2-3 km, 
the initial drilling was done with HQ rod, producing a hole 
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about 96cm in diameter. Some torquing of the drill string 
was experienced but the earfy drilling proceeded smoothly. 
However, after about a week, hole conditions worsened sig- 
nificantly and the bit became stuck. Casing was reamed down 
around the drill rod and drilling continued. Drilling and cor- 
ing continued until June 3rd, at which time unstable hole con- 
ditions and slippage of the casing forced termination of the 
hole at 474.88~~1. The average rate of penetration was just 
under 15 m loperational day, including time spent in reaming 
casing. The rocks were highly brecciated and recovery was 
only 92%, the lowest of the five holes drilled in Troodos. 

After termination of Hole CY-I, the ICRDG Steering Com- 
mittee decided to proceed with the other drilling objectives, 
particularly sampling a stockwork zone beneath an ore de- 
posit (Holes CY-2, 2A) and sampling the plutonic section of 
the ophiolite (Hole CYz4) before drilling deeper in the laves. 
These objectives were achieved in 1983 and 1984. 

Upon completion of Hole CY-4 in the summer of 1984, the 
drill rig was moved back to the Akaki Canyon to drill Hole 
CY-IA, an extension of Hole CY-I. Site preparation began 
on July 23, 1984 and was completed on July 30th, at which 
time drilling commenced. Again, the hole was started with 
HQ rod. Later, the HQ rod was cemented in place as casing 
and drilling continued with NQ rod. Drilling continued suc- 
cessfully at this site until September 6, 1984, at which time 
work was suspended for financial reasons. Drilling resumed 
on February 20, 1985 and continued for about a week. At a 
depth of 700.19 m, the bit encountered very high water pres- 
sures, forcing termination of the hole on February 28, 1985. 
After removal of the rod and casing, the hole was capped and 
abandoned. The rig was then dismantled, packed in containers 
and shipped back to Canada. 

The average penetration rate in Hole CY-IA, including 
reaming of casing, was about 17 m/day with an average core 
recovery of 94.5%. Recovery was lowest in the upper parts 
of the hole and improved as more massive dyke rocks were 
encountered at depth. 

Core Description 

The core recovered from Holes CY-I and 1 A was washed, 
reassembled and marked with an orientation line indicating 
the 'up' direction. A continuous orientation line was used 
to indicate pieces that could be fitted together and aligned 
relative to one another. Where pieces could not be fitted 
together a terminating mark was used to indicate a gap in 
the core. After alignment, the depth was marked on the core 
in centimetres, extrapolated between drilling markers, which 
were usually placed in the core at 15-foot intervals. 

A visual representation of each 1.5-m-long core section 
was drawn on a core sheet and cooling units were identified 
and described. Individual units were recognized on the basis 
of cooling breaks, marked changes in grain size, lithology 
or mineralogy or by changes in degree or type of alteration. 
During description of the core, units were number sequentially 

down the hole. The unit numbers designate the core box in 
which the unit first appears. 

After checking and editing, the core descriptions were 
printed, bound and distributed to interested parties. Copies 
of these are available from the International Crustal Research 
Drilling Group, Centre for Marine Geology, Dalhousie Uni- 
versity, Halifax, Nova Scotia, Canada. The individual cool- 
ing units recognized in the core were later grouped into larger 
scale lithologic units. These are presented in the papers on 
lithologic descriptions of Holes CY-1 and CY-IA (this vol- 
ume). 
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Abstract 

Hole CY-1 is located at Lat. 35"02'54'/N; Long. 33°10'461'E in the Akaki Canyon, on the north side of the 
Troodos ophiolite, Cyprus. CY-I was drilled to a depth of 474.88 rn. Core recovery was 92%. Cooling units 
have been grouped into thirty major lithologic ~~nits ,  varying in thickness from 1.37 m (Unit XXIV) to 54.89 m 
(Unit VIII). For each of these major units, the following info~mation is given: the position and nature of 
the upper and lower contact, the unit thickness, the dominant lithology, and the identification numbers of the 
cooling units grouped within the major lithologic unit. For each major lithologic unit, this heading is followed 
by a description detailing the lithology, texture, alteration mineralogy, and major megascopic features. 

Le trou de forage CY-I est situ6 B une Lat. 35°02/5411N, et une Lon. 33°10'46"E dans le canyon d'Akaki 
sur le cGtC nord de l'ophiolite de Troodos, Chypre. Le forage a atteint une profondeur de 474,88 rnktres. 
La rCcup6ration fut de 92%. Les unit& de refroidissement ont 616 group6es en trente unit6s lithologiques 
principales, dont 1'6paisseur varie entre 1,37 m (Unit6 XXIV) et 54,89 m (Unit6 VIII). Pour chacune de ces 
unitCs majeures, on donne les renseignernents suivants : la position et la nature du contact supC~.ieur et inferieur, 
17Cpaisseur de l'unit6, la lithologie dorninante, et les num6ros d'identification des unites de refroidissement 
groupCes dans l'unitt lithologique majeure, et ce renseignement est suivie d'une description dCtaill6e de la 
lithologie, de la texture, de la mineralogie d'altkration et des principaux aspects mCgascopiques. 
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Site Data 

Location: 
Date occupied: 
Drilling started: 
Drilling ended: 
Date departed: 
Depth drilled: 
Recovery: 
Lithology: 

Lat. 35°0215411N, Long. 33' 1 O146I1E 
22 April 1982 
29 April 1982 
03June 1982 
14 June 1982 
474.88 m 
92% 
Pillowed and massive lava flows 

Upper contact: 11.90 m, ambiguous 
Lower contact: 23.80 m, depositional 
Thickness: 11.90m 
Lithology: Pillowed lava 
Cooling units: 1 .O1 to 3.13 

The top of the unit is taken arbitrarily at the first coher- 
ent material in the core; the base is marked by about lOcm 
of light-greyish-red, fine-grained, thinly bedded sediment be- 
tween 23.70 and 23.80m. The unit is a light-grey or greyish- 
brown to greyish-red, fine-grained, aphyric to very sparsely 
phyric, pillowed basalt. Pillow margins are composed of frag- 
mented glassy material which is completely replaced by green 
smectite and white carbonate. Some thin layers of sedimen- 
tary(?) carbonate occur at pillow margins. The basalts are 
non-vesicular to sparsely vesicular near pillow margins; vesi- 
cles are irregular, 1-3 mm across, and filled with smectite and 
carbonate. Olivine phenocrysts are mostly rare (< 1 %), but a 
few pillow centres (e-g. at 23.00m) are picritic with 15-20% 
phenocrysts. The olivine crystals are 1-7 mm across, subhe- 
dral, and completely altered to red-brown smectite and iron 
oxides. Pillow centres are light grey to reddish grey with 
red staining permeating inward from pillow margins. The 
rock is abundantly veined in an irregular pattern; most veins 
are 1 mm to 1.5 cm wide and filled with white carbonate and 
zeolite. A few thicker veins, particularly at pillow margins, 
appear to be carbonate sediment. 

Unit I1 

Upper contact: 23.80m, depositional 
Lower contact: 46.10 m, depositional 
Thickness: 22.30 m 
Lithology: Pillowed lava and breccia 
Cooling units: 3.14 to 8.03 

Unit I1 consists of 4.05 m of volcanic breccia (Subunit IIa) 
overlying 18.25 m of fine-grained, sparsely phyric, pillowed 
basalt (Subunit IIb). 

Subunit IIa (23.80-27.85m) (cooling unit 3.14) is a 
reddish-brown to greenish-grey volcanic breccia. The breccia 
consists of angular fragments of fine-grained, aphyric basalt, 
1-6cm across, in a matrix of altered glass fragments and 
small pieces of crystalline material. The lithic fragments are 
light grey to reddish grey and mostly altered. Altered glassy 
fragments are green to brown, often with concentric struc- 
tures. Fragments are non-vesicular to very sparsely vesicular. 
Veins are mostly narrow, 1-2 mm wide, rarely up to 5 mm. 
Most veins occur in altered glass zones and are filled with 
light-green clay minerals or carbonate. 

Subunit IIb (27.85-46. l0m) (cooling units 4.01 to 8.03) is a 
light-grey, to greenish-grey, fine-grained, aphyric to sparsely 
olivine-phyric, pillowed basalt with minor breccia. Phe- 
nocrysts (1-2%) are irregularly distributed, I-2mm across, 
subhedral, and altered to clay minerals and carbonate. In the 
interval between 38.00 and 41.50m, phenocrysts make up 3- 
5% and are up to 6mm across. Vesicles are mostly sparse 
and small, and most abundant just inside pillow rinds. Here, 
irregular vesicles, mostly 1-2mm in diameter, make up to 
2% of the rock and are filled chiefly with carbonate. Pillow 
rinds consist of green fragments of altered glass in a car- 
bonate and zeolite(?) matrix. Veins comprise 15-20% of the 
pillow rinds and are up to 1 cm across; elsewhere they are 
less abundant (1-2%), 1-3mm wide, and filled mostly with 
carbonate. Some pillow margins have small slickensided sur- 
faces. Groundmass alteration is moderate and consists mostly 
of brown staining just inside of the glassy rinds. Small al- 
tered olivine crystals often give the rock a somewhat mot- 
tled appearance. The basal 0.50m of the subunit (cooling 
unit 8.03) consists of a red-brown breccia composed of angu- 
lar fragments of sparsely olivine-physic basalt, 2 mm to 5 cm 
across, in a matrix of comminuted basalt containing some 
small patches of green, altered glass. 



P.T. Robinson, I.L. Gibson, and L.V.-B. Hot-ne 

Unit I11 

Upper contact: 46.10 m, depositional 
Lower contact: 7 1 .OO m, depositional 
Thickness: 24.90 m 
Lithology: Pillowed lava 
Cooling units: 8.04 to 13.14 

This unit is a light-grey to reddish-grey, moderately to highly 
phyric, pillowed lava. About 50cm of breccia at the top are 
composed of green fragments of altered glass in a matrix of 
carbonate. The remainder of the unit is pillowed basalt with 
an average pillow thickness of about 0.5 m. Pillow margins 
are marked by altered, often brecciated, glassy rinds, usually 
2-3cm thick, but up to lOcm thick. Glassy rinds are com- 
pletely altered to green clay minerals and minor white carbon- 
ate. Altered glass often has concentric structures preserved. 
Phenocrysts (5-25%) are chiefly olivine and clinopyroxene. 
Olivine grains, 2 mm to 2cm in diameter, are subhedral, and 
are altered to iron oxides and clay minerals. Clinopyrox- 
ene phenocrysts, 1-3mm in diameter, are anhedral, fresh, 
green, and glassy. Spinel occurs as minute inclusions in 
olivine and as rare, euhedral microphenocrysts. Phenocrysts 
are variably distributed and are most abundant in pillow cen- 
tres, some of which are picritic. Vesicles vary from 1-5% 
and are usually most abundant in pillow centres. Here they 
are 1-2 mm across, round to irregular, and filled with carbon- 
ate or clay minerals. Veins are common, irregularly spaced, 
mostly 1-5 mm wide, and filled with white carbonate. Rare 
vugs up to 5 cm across are lined and filled with euhedral cal- 
cite c~ystals. Overall, the groundmass is only weakly altered 
and is less oxidized than in the overlying cooling units. The 
groundmass is medium-grained with some clinopyroxene and 
plagioclase needles visible under the hand lens. 

Unit IV 

Upper contact: 7 1 .OO m, depositional 
Lower contact: 88.35 m, depositional 
Thickness: 17.35 m 
Lithology: Pillowed lavas and breccias 
Cooling units: 14.01 to 18.02 

Unit IV comprises a series of light-grey to reddish-grey, 
sparsely to moderately phyric, pillowed lavas and thin vol- 
canic breccias, divided into three subunits. 

Subunit IVa (7 1.00-77.62 m) (cooling units 14.01 to 15.07) 
is a light-grey to reddish-grey, moderately olivine-phyric, 
pillowed basalt with a thin (20cm) zone of coarse-grained, 
poorly sorted breccia at the top. The average thickness of 
pillows is 0.5 m (range 10-80cm). Glassy pillow margins 
are altered to a bright-green layer silicate with reddish-brown 
alteration halos grading inward. Pillow cores are light brown- 
ish grey. Thin zones of glassy fragments in a clay-carbonate 
matrix are common. Phenocrysts range from 5-15% of the 
rock and are concentrated in pillow centres. They are chiefly 

olivine crystals, 1-5 mm across, altered to reddish-brown clay 
minerals and iron oxides. The largest crystals show evidence 
of settling. The subunit is moderately vesicular, with vesicles 
concentrated at the tops of pillows. Vesicles, 1-6mm in di- 
ameter, are filled with white carbonate and lined with black 
clay minerals. Some vesicles are open. Irregular fractures 
are filled with calcite. The groundmass is aphanitic to fine 
grained, and relatively fresh. 

Subunit IVb (77.62-80.17 m) (cooling units 15.08 to 16.04) 
is a volcanic breccia grading downward into a pillow lobe 
breccia. The fragments are aphyric to sparsely olivine-phyric, 
and are set in a carbonate-clay matrix. They are petrograph- 
ically the same as the pillows of subunit IVa. Cooling unit 
16.02 (78.91 to 78.95 m) is a thin, aphyric dyke with green 
altered glassy margins and a fresh interior. 

Subunit IVc (80.17-88.35 m) (cooling units 16.05 to 18.02) 
is a light-grey, sparsely phyric, pillowed lava with about 
80cm of volcanic breccia at the base. Individual pillows 
range from 30cm to 1 m in diameter. Pillows are generally 
aphyric and altered but some fresh glass is present in the 
chilled margins. The subunit is cut by numerous calcite veins 
1-2cm wide. The breccia consists of fragments of aphyric 
basalt and altered glass in a finer-grained matrix containing 
calcite and clay. 

Unit V 

Upper contact: 88.35 m, depositional 
Lower contact: 1 14.90m, depositional 
Thickness: 26.55 m 
Lithology: Massive basalt flows 
Cooling units: 18.03 to 23.01 

Unit V is a composite unit composed of three massive lava 
flows, one of which has thin pillowed sequences at the top. 
Each of the massive lava flows exhibits a marked concentra- 
tion of olivine at or near its base. Three subunits are recog- 
nized on the basis of the massive flows. 

Subunit Va (88.35-96.33 m) (cooling unit 18.03) consists 
of a massive lava flow. The flow depositionally underlies 
the pillows of Unit IV without a clear chill zone, but the 
lower contact of the flow is marked by minor altered glass 
and carbonate-cemented breccia. The flow is brownish-grey 
at the top, gradually becoming darker grey at 95.20m and 
then dark brownish-grey at 96.00m. Phenocrysts of olivine 
make up about 5% of the upper part of the subunit, and have 
a maximum size of I mm. Olivine is absent in the interval 
between 90.00 and 90.50m but then increases rapidly in size 
and abundance below 95.20m. In the most porphyritic part 
of the flow at 96.00 m. olivine comprises about 60% and has 
a maximum size of I cm. It decreases again to about 5% in 
the bottom chill,zone where it has a maximum diameter of 
about 5 mm. All of the olivine is altered to clay minerals 
and iron oxides. Sparse crystals of fresh clinopyroxene, up 
to 2mm across, are present throughout but are most obvious 
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in the olivine-poor zones. Vesicles comprise about 10% of 
the rock at the top of the subunit, increasing to about 15% 
between 90.00-90.50m, and thereafter decreasing to 5% at 
95.00m and to less than 1% in the most prophyritic section. 
They increase again to about 10% at the very base of the 
subunit. The maximum vesicle size varies from about 1 mm 
in the upper and lower parts of the flow to about 5 mm be- 
tween 90.00 and 90.50m. The vesicle filling is carbonate. 
Minor thin veinlets occur throughout and several unusually 
persistent longitudinal carbonate- and clay(?)-filled veins oc- 
cur between 88.60-89.50 m, 90.70-9 1.20 m, 91 .GO-92.60 m, 
and 93.30-96.00m. Altogether, the veins total about 2% of 
the rock and have a maximum thickness of 1 cm. Thin veins 
are filled with carbonate, but thicker veins appear to be filled 
chiefly with clay minerals accompanied by minor amounts of 
carbonate, mostly as tiny stringers within the clays. 

Subunit Vb (96.33-1 11.62 m) (cooling units 20.01 to 21.01) 
is a massive basalt flow with a pillowed top. The upper 2.19 m 
of subunit Vb consist of sparsely olivine-physic pillows with 
green altered glassy rinds, locally separated by altered glass 
breccia with a carbonate matrix. The pillows have 5-10% 
vesicles with a maximum diameter of about 4mm. They 
are filled chiefly with carbonate and minor clay. Underly- 
ing the pillows is a single massive basalt flow, about 13m 
thick, displaying marked olivine accumulation in tlie lower 
part. 'The upper 10m of the flow are brown to reddish-brown, 
medium-grained, aphyric basalt. In the lower 3 m olivine phe- 
nocrysts are abundant, increasing from about 2% at 109.30m 
to 15% at 110.70m, and then decreasing again to zero at 
about 110.00m. The maximum size of the c~ystals is about 
4mm. All of the olivine is altered to clay minerals and iron 
oxides. Minor spinel forms inclusions in some of the olivine 
crystals. Vesicles are present throughout but occur in irregular 
zones, some of which are parallel to the core axis; tlie largest 
and most abundant vesicles occur near the top of the subunit. 
From 98.60 to 102.20m vesicles comprise up to 15% of the 
rock and have a maximum size of 3 mm; below 102.20m tlie 
vesicles decrease to about 5% and the size decreases to an 
average of 1 mm or less. About half of the vesicles are filled 
with carbonate and sparse zeolites, and some open vesicles sre 
lined with bluish-grey clay. Veins average about 5% of the 
core and have a maximum width of 1.5 cm. Vein fillings are 
dominantly carbonate, with minor clay(?) and zeolites. Ex- 
cellent dog-tooth spar occurs in  a cavity at 11 8.50 m. Locally, 
pervasive carbonate alteration occurs in the groundmass. 

Subunit Vc (11 1.62-1 14.90m) (cooling unit 23.01). Sub- 
unit Vc is a massive lava flow, 3.28m thick, with a thin 
autobrecciated zone at the top. This greyish-green, medium- 
grained basalt contains sparse clinopyroxene and altered 
olivine phenocrysts, which generally comprise less than 1%, 
but up to 30% in the lower 20cm of the flow. Vesicles in- 
crease in abundance upward and generally make up about 2% 
of the subunit. They are filled mainly with calcite and white 
zeolite. The basalt is cut by veins 1 to 3mm wide which 
comprise about 5% of the unit. Many have colour variations 

suggesting several stages of calcite deposition. The ground- 
mass of the rock appears to be moderately altered to brown 
limonite. 

Unit VI 

Upper contact: 1 14.90m, depositional 
Lower contact: 158.60m, depositional 
Thickness: 43.70 m 
Lithology: Pillowed lava and 

minor sediment 
Cooling units: 23.02 to 31.03 

Unit VI is a thick sequence of pillowed lavas with a thin 
sediment layer at the base. The unit is divided into four 
subunits based on various features such as colour, cooling 
rind thickness, mineralogy, and lithology. 

Subunit VIa (114.90-130.55m) (cooling units 23.02 to 
26.04) consists of buff-coloured, sparsely to highly phyric 
pillowed lavas. Pillow margins consist of fractured glass and 
glassy breccia cemented by carbonates. The glass is com- 
pletely replaced by dark green layer silicates and minor car- 
bonate. The rocks are variably olivine phyric (I-5%) with 
major olivine accumulation near the base of the largest pil- 
low (121.50-121.70m). Olivine crystals are generally less 
than 2mm across but can be up to IOmm. All olivine is re- 
placed by clay minerals and iron oxides. The groundmass is 
glassy to aphanitic at pillow magins, and fine grained in pil- 
low interiors. Vesicles comprise 0-20% of the rock, a1-e 0.5- 
3 mm across, and are subspherical to subangular. They are 
nolmally concentrated just below the upper pillow margins, 
but there are also thinner vesicle-rich zones just above the 
lower margin. Vesicles are lined or infilled by clays and car- 
bonates. Veins comprise from 1 to 20% of individual pillows, 
are 1-5 mm wide, and are filled with clay minerals, zeolites, 
and carbonate. Some oxidation along the veins has produced 
reddening of vein material and iron oxide-rich patches in the 
adjacent rock. 

Subunit VIb (1 30.55-138.30m) (cooling units 26.05 to 
27.07) consists of medium-grey, fine-grained, apliyric to very 
sparsely olivine-phyric, pillowed lavas. The pillow margins 
are marked by chilled, fine-grained zones and thin layers of 
green altered glass. The glassy rinds are much thinner (av- 
erage 1 cm) than on pillows above and below. The average 
pillow thickness is about 0.5 m. Olivine phenocrysts comprise 
less than 1 % of the rock, range from 1 to 2 mm in diameter, 
and are altered to reddish-brown clay minerals and iron ox- 
ides. Vesicles comprise 1 to 3% and are most abundant in the 
upper one-third of each pillow. They range from I to 3 mm 
across, are sub-spherical, and filled with white carbonate. The 
rock is coherent but is cut by many narrow veins, hairline to 
3 mm wide, which are filled with white carbonate. A few 
larger veins and vugs are lined with euhedral crystals of car- 
bonate and zeolite. One glassy pillow rind from 135.80 to 
136.09 m is brecciated, with fragments of green altered glass 
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in a carbonate matrix. One thick vein at 137.70m has al- 
tered glass fragments in a carbonate matrix. At 137.30 m and 
137.60m large veins or vugs are filled with reddish-brown 
carbonate that looks somewhat like sediment. 

Subunit VIc (1 38.30-157.80 m) (cooling units 28.01 to 
3 1.02) is a brownish-grey, fine-grained, very sparsely olivine- 
phyric, pillowed lava unit with a brecciated top (138.60- 
138.98m). Pillow margins are much thicker (I-4cn-1) than 
those in the preceding subunit and they have bleached to 
reddish-brown alteration halos with pronounced spherulitic 
textures. Individual pillows range from 0.3 to 1.3 m in thick- 
ness and average about 0.5 m. The groundmass has a mottled 
appearance in some pillows. Vesicles range from 1 to 3% of 
the rock and are concentrated generally near the tops of indi- 
vidual pillows although some occur in pillow centres. Most 
vesicles are 2 to 4mm across and are partly filled with white 
carbonate. Veins comprise 2 to 5% of most pillows, are irreg- 
ular, and are filled with calcite. Near relatively thick pillow 
margins (1.5 cm), the veins are filled with a white secondary 
mineral. Several 1 - to 4 cm-thick veins consist of altered glass 
fragments in a matrix of carbonate, clay, zeolite, and silica. 
The pillows are less coherent than in the preceding subunit. 

Subunit VId (157.80-158.60m) (cooling unit 31.03) is 
a poorly recovered, 80cm-thick layer of coarse-grained, 
reddish-brown, poorly bedded sediment. 

Unit VII 

Upper contact: 158.60m, depositional 
Lower contact: 177.51 m, depositional 
Thickness: 18.91 m 
Lithology: Pillowed lava 
Cooling units: 31.04 to 35.01 

Unit VII consists of a sequence of brownish-grey, aphyric to 
sparsely olivine-phyric, pillowed lavas with abundant interpil- 
low sediment in the lower third (172.8Cb177.51 m). Pillows 
range in vertical thickness from 2.5 to 0.3 m and have an av- 
erage size of 0.45 m. The pillows have an aphanitic to fine- 
grained groundmass which is slightly mottled and which con- 
tains brown, irregularly-shaped clay patches. A large 2.5-m- 
thick pillow is olivine phyric with a medium-grained ground- 
mass. Pillow margins are generally thick (2-10cm) and con- 
tain glass fragments altered to green clay, along with cal- 
cite, gypsum(?), and black sedimentary material. The pillow 
margins have reddish-brown alteration halos. At 169.10 m 
a yellowish-white carbonate sediment is present in  an inter- 
pillow area. Reddish-brown inter-pillow sediment consists of 
fine-grained clayey material and medium- to coarse-grained 
volcanic breccia with small black fragments in a carbonate 
matrix. Pillow interiors are coherent with about 10% round 
vesicles, many of which are lined with blue and brown smec- 
tite and partly filled with calcite. Veins comprise about 2% 
of the unit and range from 1 to 5mm wide. Most are filled 
with calcite. 

Unit VIII 

Upper contact: 177.5 1 m, depositional 
Lower contact: 232.40m, depositional 
Thickness: 54.89 m 
Lithology: Pillowed lavas cut by 

several thin dykes 
Cooling units: 35.02 to 44.08 

Unit VIII is a thick sequence of slightly olivine-phyric, pil- 
lowed lavas with l -  to 3cm-thick pillow margins. The 
rocks are buff-coloured at the top of the unit from 177.51 to 
195.20 m, then slate-grey in colour to 224.50 m, and finally 
buff-coloured again to the bottom of the unit at 232.40m. 
Sparse olivine phenocrysts, ranging from 1 to 7 mm across, 
occur irregularly throughout the unit and are locally con- 
centrated in the lower parts of individual pillows. In total, 
the olivine phenocrysts comprise considerably less than 1% 
of the unit. Green, glassy clinopyroxene phenocrysts com- 
prise less than I% and are sparsely distributed tliroughout the 
unit. They average about 1 mm across and are rarely visi- 
ble megascopically. Vesicles make up about 2 to 3% and 
are concentrated in the upper parts of pillows. They have 
a maximum diameter of about 8 mm but most are less than 
3 mm across. They are generally filled with carbonate but 
many are open. White, carbonate-filled net veining is present 
throughout the uni t  generally folming about 2 to 3 % of the 
core. A brownish spotting also occurs throughout the unit, 
particularly around clusters of small, discrete vesicles. The 
walls of the brown spots are generally gradational into the 
surrounding rock, as opposed to those of the vesicles, sug- 
gesting that the alteration spread into the host rock from the 
spot centre. Some of these may be segregation vesicles with 
a higher iron content than the rock as a whole. The lower 
buff-coloured (oxidized?) part of the unit contains a number 
of friable breccia zones, one or two of which may be sedimen- 
tary in origin although composed totally of volcanic materials. 
The most notable of these occur between 227.10-227.40 m, 
230.25-23 1.19m, and 23 1.60-232.40 m. The dykes oc- 
cur in the following intervals: 188.25- 188.64 m (cooling 
unit 37.01), 189.33-1 89.97 m (cooling unit 37.04), 201.23- 
201.53 m (cooling unit 39.05), 204.01-204.87 m (cooling unit 
39.12), 206.37-207.15m (cooling uni t  40.03), and 207.55- 
207.78 m (cooling unit 40.05). These dykes are composed of 
very-fine-grained aphyric basalt and average about 50cm in 
vertical thickness. Most are inclined to the core axis at angles 
of about 45 to 50 degrees. The dykes generally have narrow 
chill zones without glass and most are weakly vesicular. 

Unit IX 

Upper contact: 232.40m, depositional 
Lower contact: 246,60m, depositional 
Thickness: 14.20 m 
Lithology: Massive lava flows 
Cooling units: 45.01 to 47.03 
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Unit IX consists of four massive, aphyric, basaltic flows, the 
thickest of which is cooling unit 45.01. The flows are light 
grey to brownish grey in the upper parts, becoming darker 
grey toward the base of the unit. The grain size is greatest in 
the centres of cooling units and decreases to less than 0.5 mm 
in the chilled margins. Irregular fine-grained 'schlieren' are 
randomly distributed within the coarser-grained zones. In- 
dividual flows have small vesicles throughout, but become 
increasingly vesicular toward their tops. Vesicles have a max- 
imum size of about 5 mm and average about 1 mm. Except 
in cooling unit 47.01, 60 to 80% of the vesicles are carbon- 
ate filled; in 47.01, about 80% are open. but here they are 
usually lined with blue-green celadonite. Orange gmelinite 
occurs in the centres of some vesicles in cooling unit 47.02. 
Very thin veinlets occur throughout the unit, but their number 
and thickness increase in the upper parts of individual flows. 
Veins are sparse between 235.20 and 243.30 m and absent be- 
tween 238.00 and 240.30 m. The maximum thickness of veins 
is about I cm. Most are filled with carbonate but zeolites and 
gypsum also occur in the central parts of some veins. No ob- 
vious alteration occurs in the wall rocks adjacent to veinlets. 
The groundmass is locally weakly-altered to layer silicates 
and carbonate, and the glassy flow margins are replaced by 
green clay minerals. 

Unit X 

Upper contact: 246.60m, depositional 
Lower contact: 257.70m, depositional 
Thickness: 11.10m 
Lithology: Pillowed lava 
Cooling units: 48.01 to 50.03 

About I 1  m of weakly and irregularly olivine-physic, buff to 
reddish-grey or light-grey, pillowed basalt make up Unit X. 
Pillow rinds are moderately thick (1-4cm) and consist of dark 
green smectite and pale grey clays(?). One 7 cm-thick layer of 
altered and highly friable hyaloclastite occurs between 248.13 
and 248.20m. Olivine phenocrysts average about 1% of the 
pillow lavas, and are generally less than 2mm long. All 
are altered to clay minerals and iron oxides. Vesicles aver- 
age 2 to 3% of the entire unit but are concentrated near the 

Unit XI 

Upper contact: 257.70m, depositional 
Lower contact: 260.85 m, depositional 
Thickness: 3.15 m 
Lithology: Pillow lobe breccia 
Cooling units: 50.04 to 50.06 

Unit XI is a pillow lobe breccia largely consisting of smoothly 
rounded lava masses ranging from 5 to about 20cm in vertical 
thickness. Most of the lobes have chilled surfaces but some 
are fractured such that they are only partially surrounded by 
a chilled margin. The groundmass consists of altered glass 
fragments and some angular lithic fragments with intersticies 
filled with white carbonate. Vesicularity in the pillow lobes is 
very low with infrequent vesicles distributed in layers parallel 
to the chilled margins. 

Unit XI1 

Upper contact: 260.85 m, depositional 
Lower contact: 309.50m, depositional 
Thickness: 48.65 m 
Lithology: Pillowed lava 
Cooling units: 50.07 to 59.03 

Nearly 50m of dark grey, aphyric to very sparsely olivine- 
physic, pillowed basalt comprise unit XII. Pillow margins 
have thin glassy rinds but are commonly marked by broad 
zones of incipient c~ystallization where spherulitic nucleation 
takes place over distances of up to 3 to 4cm. Olivine phe- 
nocrysts occur only between 282.70 and 286.63 m where they 
form a maximum of about 2%. The groundmass is fine 
grained and lacks the mottling that is so prevalent in overlying 
units. Vesicularity is moderate, generally less than 5%, but up 
to 15% i n  the upper parts of thick pillows. The average maxi- 
mum vesicle size is about 3 mm. Less than half of the vesicles 
are filled with calcite; most of the remainder are empty. Net 
veining is generally thin and spidery, comprising 2-3% of the 
unit overall. Most veins are filled with carbonate but some 
contain minor gypsum. One 10cm-thick gypsum vein occurs 
at 262m. Analcite-lined vugs occur at a few places. Between 
272.80 and 273.83 m, the pillows of unit XI1 are cut by a dyke 
(cooling unit 53.01) of pale grey, aphanitic basalt containing 
olivine phenocrysts and megacrysts up to 2cm long along 
both margins. No phenocrysts occur in the dyke centre. 

tops of pillows, where they may make up 10 to 15% of the 
rock. Vesicles average about 1 mm in diameter but range up to Unit XI11 
3 mm. About half of them are empty; the remainder are filled 
with white carbonate. Net veining is moderately abundant, Upper contact: 309.50m. depositional 
averaging 5 to 7% of the rock. The veins are filled with car- Lower contact: 329.60m, depositional 
bonate, minor clay minerals, and gypsum. Brown spotting in Thickness: 20. lOm 
the groundmass is present throughout. It is evidently related Lithology: Massive and pillowed 
to vesicles but individual spots have gradational boundaries lava flows 
with the enclosing rock. Cooling units: 60.01 to 61.03 
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Unit XI11 is composed predominantly of three massive flows 
with two thin intercalations of pillowed material. The strati- 
graphic divisions are at tlie following levels: 

Massive flow 309.50-3 12.95 m (Unit 60.01) 
Pillowed member 3 12.95-3 14.20 m (Units 60.02 

to 60.04) 
Massive flow 3 14.20-31 7.40 m (Unit 61.01) 
Pillowed member 317.4G3 17.96 m (Unit 61.02) 
Massive flow 317.96-329.60 m (Unit 61.03) 

The massive flows are dark grey, aphyric, and highly vesicu- 
lar (15-20%) in their upper parts. The lowest of the massive 
flows is coarse grained in a zone about 2-6 m from the base 
whereas the upper two flows and tlie remainder of the lowest 
flow are fine- to medium-grained. The lowest flow has dis- 
tinct flow layering within about 1 m of its base. The layering 
is due to colour variations and to vesicle stringers lying at 
an angle of about 25 to 30 degrees to the core axis. Vesi- 
cles in the massive flows have an average maximum diame- 
ter of 7-8 mm and less than a quarter are filled. The fillings 
appear to be predominantly gypsum with lesser amounts of 
calcite. The pillow lavas are also fine grained, aphyric, and 
dark grey. Some pillow margins show relatively wide zones 
of spherulitic nucleation. Vesicles comprise 5 to 10% of these 
lavas and they are most abundant in the upper parts of indi- 
vidual pillows. They are partly filled with calcite and rare 
gypsum. Veins in general are thin and fonn less than 1% 
of the unit. Gypsum predominates in the thicker veins and 
carbonate in the thinner ones. 

Unit XIV 

Upper contact: 329.60m, depositional 
Lower contact: 335.20m, depositional 
Thickness: 5.60 m 
Lithology: Pillowed lava 
Cooling units: 64.01 to 65.01 

Unit XIV consists of about 6m of fine-grained, aphyric, 
basaltic, pillowed lava. Individual pillows average 0.5 m in 
vertical thickness, and have broken and altered glassy rinds, 
usually less than 1 cm wide. There is very little inter-pillow 
breccia. Vesicles average 3% but are concentrated in the up- 
per parts of pillows where they may be up to 10% by volume. 
They have a maximum size of 5 mm and average about 1 mm. 
About 80 to 90% are empty and unlined; the remainder are 
filled with carbonate. A few hairline fractures are present, 
but veins are essentially absent. In the spaces between pil- 
lows, glassy fragments are altered to green clay minerals and 
surrounded by minor carbonate and selenite. 

Unit XV 

Upper contact: 335.20m, depositional 
Lower contact: 348.70m, depositional 
Thickness: 13.50 m 
Lithology: Massive lava flows and pillows 

cut by several dykes 
Cooling units: 65.02 to 67.06 

Unit XV consists of two thick massive lava flows and two 
thinner units that may be pillows. All of the lavas consist 
of dark grey to dark brownish-grey, fine-grained, aphyric 
basalt. The two major flows are in the intervals from 
335.20-338.74m and 339.85-344.45 m. Small dykes cut the 
flows between 336.78-337.18 m (cooling unit 65.03), 346.85- 
346.90m (cooling unit 67.02), and 347.10-347.90m (cooling 
uni t  67.04). The lava flows are vesicular throughout except 
at the margins. Vesicles average about 10% but some zones 
in the massive flows have up to 30% vesicles. The zones of 
high concentration are not always at or near the tops of indi- 
vidual flows. These highly vesicular zones are also coarser- 
grained than the average, with feldspar microlites up to 1 mm 
long. The vesicles average about 1 mm but range up to 5 mm 
across. About 70% of the vesicles are empty; the remainder 
are filled with carbonate. Veins are very rare with only ten 
recorded in the entire 13.50m-thick unit .  Most are hairline 
veinlets but a few are up to 3 mm wide. Carbonate and se- 
lenite are the common fillings. Most glass is altered to dark 
green clays, but there is some relatively fresh glass at 339.10 
and 347.00m. Minor jasper occurs at 338.80 m. The clykes 
are narrow, inclined bodies having vertical thicknesses in the 
core from 0.05 to 0.80m. They are fine-grained, aphyric, 
generally non-vesicular bodies with sharply chilled margins. 

Unit XVI 

Upper contact: 348.70m. depositional(?) 
Lower contact: 369.00m, depositional 
Thickness: 20.30 m 
Lithology: Pillowed lavas cut 

by two dykes 
Cooling units: 67.07 to 7 1.10 

Unit XVI consists of about 20m of light-grey, fine- to 
medium-grained, aphyric, pillowed lavas cut by dykes at the 
intervals between 352.60-352.69 m (cooling unit 68.06) and 
360.45-360.60m (cooling unit 70.05). Individual pillows av- 
erage 0.55 m in vertical thickness, and have glassy margins 
1-2cm thick. Fresh glass is preserved in cooling unit 67.07 
between 348.70 and 349.15 m; the remainder of the glass is 
altered to smectite and minor zeolite(?). There is little glassy 
inter-pillow breccia. Vesicles range from 0 to 10% and have a 
very irregular distribution, being most abundant in the centres 
and upper parts of cooling units. The vesicles average about 
1 mm across but range from 0.5 mm up to vug-like cavities 
2 cm or more across. The vesicles are typically open but lined 
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with clay minerals accompanied by minor heulandite and gyp- 
sum. Veins comprise less than 1% of the unit and are hairline 
fractures filled with zeolite and gypsum. The groundmass 
is moderately fresh except in Iiiglily vesicular zones where 
it is soft, and presumably replaced by smectite. Tlie dykes 
are small bodies, 0.09-0.15 m in vertical thickness. They are 
fine-grained, aphyric, non-vesicular, relatively fresh bodies 
with sharply chilled margins. 

Unit XVII 

Upper contact: 369.00m, depositional 
Lower contact: 370.50m, depositional 
Thickness: 1.50 m 
Lithology: Clastic material 
Cooling unit: 71.11 

Unit XVII consists of 1.50m of volcanic sedimentary ma- 
terial composed of blocky, irregular fragments of fresh and 
altered glass, 1-5 mm across, in a silty matrix. The rock is 
very poorly bedded, poorly sorted, light grey, and moderately 
indurated. There are no veins. Altered glassy material is soft, 
possibly replaced by smectite. 

Unit XVIII 

Upper contact: 370.50m, depositional 
Lower contact: 387.48 m, depositional 
Thickness: 16.98 m 
Lithology: Massive lava flows cut 

by two dykes 
Cooling units: 72.01 to 73.02 

Two massive flows of light-grey, fine- to medium-grained, 
aphyric basalt make up Unit XVIII. The flows are cut by 
an olivine-phyric dyke between 375.67 and 376.20m (cool- 
ing uni t  73.01) and by an aphyric dyke between 372.95 and 
373.15 m (cooling unit 72.02). No chill zone was recovered 
from the top of tlie unit but a glassy zone at 373.80m is 
taken as the boundary between the two flows. A glassy zone 
at 373.20m appears to be a small offshoot from the nearby 
dyke. The grain size in the bulk of the massive lavas is 
medium to coarse and small feldspar laths are clearly visible 
on tlie core su~face. The grain size decreases gradually to- 
ward the top and bottom of the unit but there is no obvious 
change toward the glassy selvedge separating the two flows. 
Vesicles are irregularly distributed, ranging from 1-5% of the 
unit and averaging about 2%. Overall, the rock has a porous 
aspect. The vesicles average about 1 mm across, are irregular 
to subspherical, and mostly open. A few contain sparse white 
zeolites(?). Veins total about 1 % of the unit, range up to 2 mm 
across, and are filled with green smectite and sparse white ze- 
olite. Some celadonite occurs between 378.20 and 378.60 m. 

The olivine-rich dyke of cooling unit 73.01 is 0.53m thick 
and has highly irregular but sharply chilled contacts. Olivine 
phenoclysts average about 2% of the intrusive uni t  but are 
concentrated near the base. They are subhedral to euhedral, 
up to 3 mm long, and are replaced by green clay minerals and 
calcite. Tlie groundmass is fine grained with an interserrdl 
texture. Vesicles comprise about 5% of the unit and are LIP to 
3 mm across. About half of the vesicles are open, the other 
half filled with calcite and srnectite. Thin veins less than 
1.5 mm wide comprise less than 1% of the unit and contain 
calcite, celadonite(?) and smectite. The dyke of cooling unit 
72.02 is 20cm thick and dips about 55 degrees. It has sharp 
chilled margins with minor altered glass. The rock is fine 
grained, light grey, and very sparsely clinopyroxene-phyric. 
Vesicles make up less than 1 % of the rock and never exceed 
2mm in diameter. Most are open; the remainder have minor 
smectite and zeolite. Narrow veins comprise about 3% of the 
rock and are filled with smectite and zeolite. 

Unit XIX 

Upper contact: 387.48 m, depositional 
Lower contact: 409.50m, ambiguous 
Thickness: 22.02 m 
Lithology: Pillowed lava cut 

by a dyke 
Cooling units: 75.01 to 78.03 

A sequence of light-grey, fine-grained, aphyric pillowed lavas 
makes up unit XIX. The unit is cut by an olivine-phyric dyke 
between 390.40 and 39 1.50m (cooling uni t  75.04). The pil- 
lows are relatively large, averaging l .  16 m in vertical thick- 
ness. 'The glassy pillow margins are I-2cm across and are 
often separated by 2-3 cm of coarse-grained, unsorted, poorly 
bedded,-altered sediment. The glass is mostly altered to-smec- 
tite. Abundant brecciated glass occurs in the basal cooling 
unit; some of this glass is fresh but most is altered to layer 
silicates. Vesicles are irregularly distributed, ranging from 
1 to lo%, being most abundant and largest in the pillow cen- 
tres. Vesicles range from 0.5 to 3mm and average about 
1 mm in diameter. Most are open, some contain smectite and 
zeolite(?). Veins comprise much less than 1 %  of the pillows, 
consisting mostly of fractures coated with smectite. The dyke 
of unit 75.04 is 1.10 m thick and is bounded by sharp, chilled 
margins dipping about 20 degrees. The rock is fine grained, 
light grey, and sparsely olivine- and clinopyroxene-phyric. 
Phenocrysts average about 3% but are concentrated in the 
interval between 390.75 and 390.90. They have a maximum 
size of 2mm and are subhedral to anhedral. The olivine is re- 
placed by clay minerals but the clinopyroxene is fresh. About 
2% of vesicles are present and they have an average diam- 
eter of 1 mm. Most are filled with layer silicates and lesser 
amounts of calcite and hematite. Carbonate veins make up 
less than I % of the unit. 
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Unit XX 

Upper contact: 409.50 m, ambiguous 
Lower contact: 417.87 m, ambiguous 
Thickness: 8.37 m 
Lithology: Massive lava flows or 

thick pillows 
Cooling units: 78.04 to 79.03 

Unit XX consists of about 8.4m of light-grey, fine- to 
medium-grained, aphyric, massive basalt flows. Both con- 
tacts appear to be chilled but some core is missing and the 
contact relationships are ambiguous. Internal cooling breaks 
are also ambiguous and are based on glassy pieces in broken 
intervals. A small amount of glassy breccia is preserved at 
the contact between cooling units 78.04 and 79.01 (41 1.87 m). 
The rocks are fine grained to aphanitic at chilled margins, be- 
coming medium grained toward the centres of cooling units. 
Small plagioclase and clinopyroxene laths are visible with a 
hand lens in the coarser-grained portions. Vesicles make up 
5-10% of the rock in the upper 1.5 m of the unit; elsewhere 
they range from 1 to 5%. They are largest in the upper zone, 
averaging 5 mm across, and decrease in the lower part to about 
I mm. The largest vesicles are irregular in'shape; the others 
subspherical. Most are filled with carbonate and zeolite(?), 
others are open or lined with clay minerals. Some zones in 
the centres of cooling units appear to be quite porous. Veins 
are irregularly distributed and total less than 1% of the unit. 
All are less than 1 mm wide and are filled with green clay 
minerals, sometimes slickensided, and minor carbonate. The 
groundmass is relatively fresh, but glassy zones are partly or 
completely altered to clay minerals. Some thin breccia zones 
between cooling units are partly altered to clay minerals. 

Unit XXI 

Upper contact: 417.87 m, depositional 
Lower contact: 423.22 m, ambiguous 
Thickness: 5.35 m 
Lithology: Pillowed lavas 
Cooling units: 80.01 to 81.01 

A thin sequence of greenish-grey, aphyric, pillowed lavas 
makes up Unit XXI. Individual pillows are up to 1.5 m in 
vertical thickness, being largest toward the bottom of the unit. 
Several pillow lobe fragments range from 0.2 to 0.3 m across. 
Where pillow contacts are sharp, they often have double chill 
zones 1-2 mm wide. In other zones hyaloclastite accumula- 
tions, up to 5 cm across, occur between pillows. Fresh glass is 
locally preserved in the pillow rinds, particularly where hyalo- 
clastite is present. The pillow interiors are fine- to medium- 
grained and vesicular. Vesicles average 1 to 3% of the pillows 
and commonly range from 0.5 to 3 mm, and rarely up to 7 mm 
in diameter. The largest and most abundant vesicles occur 
near the upper margins of large pillows. Generally, vesicles 
are round to oval but some are irregular. Locally, vesicle 

clusters define diffuse layers 5-6 cm wide, presumably paral- 
lel to pillow margins. Vesicles generally are not filled except 
within 1-2cm of some pillow margins where they contain 
green smectite(?). Veins make up about 1% of the unit and 
occur primarily along contacts between pillow selvedges. The 
vein material is green smectite, white zeolite(?), and carbon- 
ate. Slickensides are common along fractures but probably 
do not represent any significant movement. The pillows are 
moderately altered, typically having a greenish-grey colour. 
Dull surfaces and the lack of a vitreous luster reflects the 
paucity of fresh glass. 

Unit XXII 

Upper contact: 423.22 m, ambiguous 
Lower contact: 435.38 m, depositional? 
Thickness: 12.16m 
Lithology: Massive lava flows cut 

by several dykes 
Cooling units: 81.02 to 83.02 

Unit XXII is composed of three sheet flows cut by thin in- 
trusive units. Cooling units 81.02 and 82.01 are sheet flows 
which are 5.33 m and 1.25 m thick, respectively. Units 82.02, 
82.04, 82.06, and 83.02 have been interpreted to be a single 
massive flow, 5.25m thick, cut by small dykes. 'The flows 
consist of fine- to medium-grained, grey, aphyric, vesicular 
basalts. Vesicles make up less than 1% of the rock and are 
mostly open. A few (2%) are filled with calcite. The unit 
is highly fractured with very few secondary minerals along 
the fractures. Gypsum(?) and layer silicates are present on 
some fracture surfaces. Three dykes cut this unit: cooling 
unit  82.03 (430.50-430.70 m), cooling unit 82.05 (431.33- 
431.39 m), and cooling unit 83.01 (432.53-432.60m). All are 
fine-grained to aphanitic with distinct chilled margins. Cool- 
ing unit 82.03 has plagioclase microlites in an aphanitic to 
glassy groundmass and is very weakly vesicular. In contrast, 
cooling units 83.01 and 82.05 are markedly vesicular with 
about 5% vesicles, averaging about 0.5mm across. Most of 
these are filled with clay and chlorite. All three intrusions 
have contacts dipping about 50 degrees to the core axis. 

Unit XXIII 

Upper contact: 435.38 m, depositional 
Lower contact: 438.05 m, ambiguous 
Thickness: 2.67 m 
Lithology: Pillowed lava 
Cooling units: 83.03 to 84.02 

This unit comprises a sequence of seven pillows with ver- 
tical thicknesses on the order of 0.5m. The contact with 
the overlying massive sheet flow is very sharp and is de- 
fined by a 1- to 2cm-thick zone of hyaloclastite. The lower 
contact is placed at a shear zone marked by about 30cm of 
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intensely slickensided fault gouge. This fault contact is prob- 
ably not the base of a flow unit and the unit thickness has lit- 
tle stratigraphic significance. Individual pillows are medium 
greenish-grey to grey, aphyric, and aphanitic to fine-grained. 
The pillow margins are marked by altered glass rims, 0.5 to 
1 cm thick, and separated by 2- to 4cm-wide zones of hyalo- 
clastite. Fresh glass is locally present. The lavas are essen- 
tially non-vesicular although some pillows contain up to 1% 
of fine vesicles. Greenish-grey to green smectite fills sparse 
fractures. One pillow in the lower part of the unit contains 
about 3% fractures filled with white zeolite and calcite. The 
rocks are only slightly to moderately altered. 

Unit XXIV 

Upper contact: 438.05 m, ambiguous 
Lower contact: 439.42 m, ambiguous 
Thickness: 1.37 m 
Lithology: Clastic material 
Cooling unit: 84.03 

clinopyroxene(?) in an altered vitric matrix. Vesicles aver- 
age less than 1 %  of the rock, and range up to 1 mm across. 
Carbonate and celadonite(?) fill sparse vesicles in some pil- 
low margins. Moderate pale green groundmass alteration has 
produced mottled textures near the pillow margins and a pale 
green colour in the cores of pillows. Smectite, celadonite(?), 
minor zeolite, and carbonate fill sparse veins and heal frac- 
tures. Cooling unit 84.05 is a possible dyke, 0.45 m thick, 
composed of pale greenish-grey, sparsely porphyritic, olivine 
basalt. Altered olivine crystals, 0.5 mm across, occur in the 
lower lOcm of the unit. 'The unit contains I-2% vesicles, all 
less than 0.5 mm across. 

Unit XXVI 

Upper contact: 445.35 m, depositional 
Lower contact: 452.90m, depositional 
Thickness: 7.55 m 
Lithology: Pillowed lava 
Cooling units: 85.10 to 86.08 

Unit XXIV consists of 1.37m of highly fragmented material Unit XXVI is a 7.55 m-thick sequence of pillowed lava sepa- 
that varies from yellowish-green, intensely slickensided clay rated from the overlying unit  by 20cm of volcaniclastic ma- 
at the top to blocky grit near the base. The coarse-grained terial and from the underlying unit by 3ocm of hyaloclastite. 
material is composed of greenish-grey to grey fragments of The unit consists of ten closely packed pillows or parts of 
basalt in a grit- to clay-size matrix. Clasts range from 2mm pillows ranging from 30 to 160cm in vertical thickness, Pil- 
to 2cm (one block is 4cm across), and nearly all are slicken- low margins are clearly marked by altered glass rims, 2- 
sided' The upper and lower boundaries are drawn at the end 3cm thick, and on]y minor hyaloclastite occurs between 
of the sheared and intensely broken material. Because of the lows. The pillows consist of greyish-green, aphanitic, aphyric 
extensive slickensiding this unit is interpreted as fault gouge basalt. Dark grey, altered, glassy margins contain only minor 
in the basalt pillow lava succession. fresh glass. The margins of some pillows show a mottled 

Unit XXV 

Upper contact: 439.42 m, ambiguous 
Lower contact: 445.35 m, depositional 
Thickness: 5.93 m 
Lithology: Pillowed lava cut by 

a possible dyke 
Cooling units: 84.04 to 85.09 

Unit XXV is a 5.93 m-thick sequence of pillowed lava sepa- 
rated from unit XXIV by a probable fault. The upper contact 
is ambiguous and is drawn at the base of the fragmental mate- 
rial of cooling unit 84.03. The lower contact is drawn where 
the pillow lavas overlie volcaniclastic material but it is not ac- 
curately defined because only part of the lowest pillow is pre- 
served. The unit consists of 11 pillows and one possible dyke. 
Pillow rims are marked by brecciated and altered glassy rinds, 
1-2 cm thick, minor hyaloclastite, and fine breccia which oc- 
curs in zones up to 4cm wide between pillows. Individual 
pillows are composed of pale grey-green to dark grey, aphyric 
basalt. Dark grey, aphanitic rims grade into mottled light and 
dark margins and then into greenish-grey massive cores that 
are coarser grained than the margins. Textures are micropor- 
phyritic intersertal with microphenocrysts of plagioclase and 

alteration pattern. All of the pillows are vesicular contain- 
ing 3 to 10% vesicles, commonly 1-3mm across, that are 
concentrated within 3-6cm of the pillow rims (45 cm of one 
large pillow is vesicular). Smectite and a transparent to white 
zeolite(?) fill vesicles within pillow margins. Sparse veins, 
filled with smectite and zeolite, up to 0.5 mm wide, are re- 
stricted to fractured margins of some pillows. The basalt is 
moderately altered and pillow rims appear less altered than 
cores. The 30cm-thick hyaloclastite marking the base of this 
unit contains parts of pillows in a matrix of altered glassy 
fragments. Units XXV and XXVI perhaps should be consid- 
ered a single depositional unit because they are lithologically 
similar and because it is not clear that the clastic volcanic ma- 
terial separating the two represents a significant break. The 
hyaloclastite pillow breccia at the base of Unit XXVI could 
be considered the base of a major effusive unit 13.5 m thick. 

Unit XXVII 

Upper contact: 452.90 m, ambiguous 
Lower contact: 455.35 m, ambiguous 
Thickness: 2.45 m 
Lithology: Massive flow 
Cooling units: 87.01 
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Unit XXVII is 2.45 m-thick sequence of poorly recovered core 
interpreted as a single massive flow of greyish-green, aphyric 
basalt. The upper contact is drawn at the base of the overlying 
hyaloclastite and the lower contact is marked by a 19 cm-thick 
zone of hyaloclastite overlying a sequence of pillow lavas. A 
thin zone of dark grey altered glass near 454.10 m suggests 
an internal cooling break. The basalt is dark grey near the 
contacts and greyish-green in the centre. Vesicularity varies 
from 15% in upper parts to 2% in middle and lower parts of 
the unit. Vesicles range from 1 to 3 mm across, and contain 
clay minerals and a white zeolite(?). The flow is unveined 
but contains smectite and chlorite along fractures. The rock 
is moderately altered and only a small amount of fresh glass 
is preserved at the contacts. 

Unit XXVIII 

Upper contact: 455.35 m, depositional 
Lower contact: 457.12m, depositional 
Thickness: 1.77 m 
Lithology: Pillowed lava 
Cooling units: 87.02 to 87.05 

Unit XXVIII is a thin sequence of pillowed lavas separated 
from the overlying and underlying units by thin clastic lay- 
ers. The upper contact is marked by a zone of hyaloclastite, 
5-10cm thick, and the lower contact is drawn at a 5cm- 
thick layer of volcanic grit. This unit comprises four closely 
packed pillows (or parts of pillows) that have friable, altered 
glassy rinds and minor hyaloclastite. Individual pillows con- 
sist of dark greyish-green, aphanitic to fine-grained, aphyric 
basalt. Vesicles are largest (up to 2mm) and most abundant 
(up to 10%) within lOcm of the pillow margins. Most vesi- 
cles within 5 cm of the pillow margins are filled with vely 
dark green chlorite(?) and white to greenish-grey zeolite(?). 
Minor irregular veins, ranging up to 1 mm in width, occur in 
the pillow margins and contain iron-stained white zeolite(?), 
chlorite(?), and some gypsum. Pillows are moderately- to 
highly-altered and fresh glass is rare in the pillow rinds. 

Unit XXIX 

Upper contact: 457.12m, depositional 
Lower contact: 466.95 m, ambiguous 
Thickness: 9.83 m 
Lithology: Massive flows 
Cooling units: 87.06 to 88.08 

chilled margins with fresh or altered glass. Many contacts are 
poorly defined because of the broken nature of the core, and 
some may be intrusive. The flows are composed of greyish- 
green, fine-grained, generally aphyric basalt. Clinopyroxene 
phenocrysts make up 1-2% of several units and a few con- 
tain traces of a red seconda~y mineral that may be altered 
olivine. The groundmass varies from aphanitic at the margins 
of cooling units to medium grained in the centres. Vesicles 
are usually less than 1% of the rock but may range up to 15% 
in the upper parts of some cooling units. They range from 
1 mm to 3 cm across and are partly filled with dark green clay 
minerals, zeolites, and minor carbonate. Veins are small and 
sparse, averaging about 1% of the unit and rarely exceeding 
1 mm in width. They are filled with slickensided clay min- 
erals and minor zeolites. Except for the altered glassy zones 
the rock is relatively fresh, exhibiting only minor alteration 
to clay minerals. 

Unit XXX 

Upper contact: 466.95 m, ambiguous 
Lower contact: 474.88 m, unknown 
Thickness: 7.93 m 
Lithology: Pillowed lavas 
Cooling units: 88.09 to 90.01 

Unit XXX consists of about 8m of rubbly and broken core 
interpreted as a sequence of pillowed lavas. The nature of 
the cooling unit contacts is difficult to define because of the 
rubbly character of the material. Up to 14 pillows or parts of 
pillows are recognized and they range from 0.2 to 1.7 m in 
vertical thickness. Zones of altered glass and hyaloclastite up 
to 2cm wide define the pillow margins. Individual pillows 
are greyish-green, aphanitic, aphyric to very sparsely phyric 
basalt. Phenocrysts and microphenocrysts of green clinopy- 
roxene and olivine(?) comprise 1 to 2% of the rock, and are 
generally less than 1 mm across. Fresh olivine was not iden- 
tified but many of the iron oxide specks may be olivine pseu- 
domorphs. Vesicles make up less than 1% of the rock, and 
are 1-2mm across. Most are open but some are lined with 
green clay minerals. Veins are not preserved but slickensided, 
clay-lined surfaces are common in the rubbly core. 

Unit XXIX is a 9.78 m-thick sequence of broken and rubbly 
core interpreted as a series of thin massive lava flows. At the 
top the unit is separated from the overlying pillowed lavas of 
Unit XXVIII by a thin layer of volcaniclastic material. The 
lower contact is defined by the presence of altered glass at the 
top of the underlying pillows. Individual cooling units aver- 
age about 1.5 m in vertical- thickness and most are bounded by 
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Abstract 

Hole CY-1A is located at Lat. 35°02110'1N, Long. 33' 10'29I1E in the Akaki Canyon, on the north side of the 
Troodos ophiolite, Cyprus. It lies about 1 km south of Hole CY-1, and was spudded at a stratigraphic level 
approximately equal to that at which CY-1 was terminated. CY-1A was drilled to a depth of 701.19m with 
a core recovery of 94.5%. Coolings units were recognized on the basis of contact relationships, grain size 
variations, thickness, mineralogy, and differing degrees of alteration (Home and Robinson, 1986). The cooling 
units are numbered sequentially down the core and the numbers designate the core box in which the unit first 
appears. The recognized cooling units have been grouped into 34 major lithologic units that represent relatively 
homogeneous sequences. The lithologic units range in thickness from 0.30m (Unit XXXIII) to 70.43 m (Unit 
XXX). For each of these major units, the following information is given: the position and nature of the upper 
and lower contact, the unit thickness, the dominant lithology, and the identification numbers of the cooling units 
grouped within the major lithologic unit. For each lithologic unit, this heading is followed by a description 
detailing the lithology, texture, alteration mineralogy, and major megascopic features. 

Le trou CY-IA est situ6 B une latitude de 35°0211011N et B une longitude de 33°10129"E dans le canyon 
d'Akaki, sur le cBt6 nord de l'ophiolite de Troodos en Chypre. I1 s'Ctend h environ 1 km au sud du trou CY-1 
et a CtC for6 jusqu'g un niveau stratigraphique approximativement Cgal h celui ou on a mis fin h CY-1. Le 
forage de CY-1A a kt6 effectu6 jusqu'h une profondeur de 701,19 m avec une r6cupCration de 943%. Les unitCs 
de refroidissement ont kt6 identifikes selon les rapports de contact, les variations granulomktrique, 1'6paisseur. 
la minkralogie, et les degr6s diffkrents d'alteration (Home et Robinson, 1986). Les unitb de refroidissement 
sont num6rotCes en siquence jusqu'h la carotte et les numCros indiquent la boite dans laquelle I'unit6 parait en 
premier. Les unites de refroidissement identifiees ont CtC groupCes en trente quatre unites lithologiques majeures 
qui reprksentent des sdquences relativement homogknes. L'kpaisseur des unit6s lithologiques varie de 0,30m 
(unit6 XXXIII) B 70,43 m (unit6 XXX). Pour chacune de ces unit& majeures, les renseignements suivants sont 
donn6s: la position et la nature du contact sup6rieur et inferieur, I'tpaisseur de I'unitC, la lithologie dominante 
et les numkros d'identification des unit6s de refroidissement group6es h I'intCrieur des unitCs lithologiques 
principales. Une description dCtaillCe de la lithologie, de la texture, de la min6ralogie d'altkration et des 
principaux aspects mCgascopiques suit le titre de chaque unit6 lithologique. 
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Location: 
Date occupied: 
Drilling started: 
Note: 

Drilling ended: 
Date departed: 
Depth drilled: 
Recovery: 
Lithology: 

Site Data 

Lat. 35°02110"N, Long. 33°10'29'1E 
23 July 1984 
30 July 1984 
Drilling was interrupted from 
06 September 1984 to 20 February 1985 
28 February 1985 
04 March 1985 
701.19m 
94.5% 
Pillowed and massive lava flows and dykes 

Unit I 

Upper contact: 0.0 m, top of hole 
Lower contact: 15.10 m, depositional 
Thickness: 15.10m 
Lithology: Pillowed lavas 
Cooling units: 1.01 to 3.06 

Litliologic Unit I is a 15.lOm-thick sequence of greenish- 
grey, aphyric to sparsely olivine-phyric, pillow lavas. 
Twenty-eight separate pillows are recognized, ranging from 
0.16 to 1.70m and averaging 0.50m in vertical thickness. 
Individual pillows are recognized by the presence of curved 
glassy rinds. Phenocrysts of clinopyroxene and altered olivine 
make up 1-5% of most pillows and are irregularly dis- 
tributed. Olivine crystals are completely replaced, mostly by 
green smectite, whereas the clinopyroxene is fresh, green, and 
glassy in appearance. Vesicles average 1-2% by volume and 
range up to 5%. They are irregularly distributed in most pil- 
lows, and usually have a zonal arrangement. Most are 1-2 mm 
across but some are up to 5 mm in diameter. They are partly 
to completely filled with smectite and analcime with lesser 
amounts of calcite. Veins form less than 1 % of the rocks and 
are hairline to 1 mm in width. Most are filled with analcime 
with lesser amounts of calcite and light-green smectite. A 
few veins filled with white, slickensided palygorskite are also 
present. The glassy pillow margins are almost completely 
replaced by smectite and analcime and only traces of fresh 
glass remain. The crystalline pillow interiors are only weakly 
altered to smectite. 

Unit I1 

Upper contact: 15.10 m, depositional 
Lower contact: 57.93 m, depositional 
Thickness: 42.83 m 
Lithology: Massive flows 
Cooling units: 3.07 to 15.02 

A 42.83 m-thick sequence of thin massive lava flows makes up 
Unit 11. Twenty five cooling units were identified as lava flows 
based on contact relations, grain size variations and vesicle 
content and size. These units range from 0.23 to 8.58 m and 
average 1.64m in vertical thickness. This sequence is cut by 
three thin dykes (cooling units 11.04, 14.01, and 15.01) which 
range from 0.03 to 0.21 m in vertical thickness. The dykes are 
identified by steeply dipping, chilled margins, a homogeneous 
appearance and a paucity of vesicles. In addition, there are 
three cooling units (13.02, 14.01, and 14.05) whose origin 
could not be determined. 

The lava flows are dark greenish grey, fine- to very fine- 
grained, aphyric to very sparsely olivine-phyric rocks. Most 
of tlie flows have low-dipping, brecciated glassy margins and 
some have thin, discontinuous glassy zones, particularly in 
the upper parts of thick flows. A few flows have a partly 
brecciated character in which fragments of rock are separated 
by patches and streaks of smectite, celadonite, and zeolite. 
The thickest flows show distinct grain size variations from 
aphanitic at the margins to fine-grained in the interiors. Vesi- 
cles range from about 1 to 10% and average about 3-5%. The 
average vesicle size is about 2mm and tlie maximum about 
5 mm but a few flows have large (3-5 cm) vesicles. Most 
vesicles are filled with smectite but a few are open and these 
are lined with celadonite and zeoIite. Veins are rare, generally 
constituting less than 1% of the rock and are hairline to about 
1 mm across. Most are filled with heulandite and mordenite. 
Some fractures are coated with thin films of celadonite and 
rarely, dark brown, waxy-appearing sepiolite(?). Groundmass 
alteration is on the order of 25-35% and is chiefly smectite, 
replacing glass in the margins, and interstitial material in the 
flow interiors. 

The three unidentified cooling units are also composed of 
greyish-green, fine-grained aphyric material with sparse vesi- 
cles. They typically have brecciated glassy margins and are 
probably thin flows. 

Two of the dykes are similar lithologically to the flows and 
consist of fine- to very fine-grained, aphyric material. One 
very narrow dykelet (cooling unit 11.04) consists of black 
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glass. All of the dykes are marked by distinct, steeply-dipping 
chilled margins, commonly with thin glassy zones. Vesicles 
and veins are completely absent. Groundmass alteration is 
confined largely to the glassy margins, which are partly altered 
to smectite and zeolite. 

Unit I11 

Upper contact: 57.93 m, depositional 
Lower contact: 70.65 m, truncated 
Thickness: 12.72 m 
Lithology: Pillowed lavas and sheet flows 
Cooling units: 15.03 to 18.01 

Unit I11 consists of twelve cooling units marked by glassy 
margins. Many of the glassy margins are poorly preserved, 
being either broken during drilling or by disintegration when 
the samples were immersed in water. The cooling units range 
in vertical thickness from 0.17 to 2.85 m and average 1.06 m. 
On a number of units, particularly the thinner ones, the glassy 
margins are curved suggesting that these are pillows. Other 
units, such as 16.02, 17.02, and 18.01, have flatter margins 
and are considerably thicker than the average pillow. These 
are interpreted as massive flows. This interpretation is sup- 
ported by the size and distribution of vesicles in these units. 

The pillows are composed of dark greenish-grey, very fine- 
grained, aphyric rock with 5-15% vesicles. Most vesicles are 
spherical or ovoid and range from 3 to 5mm in diameter. 
They are typically filled with smectite. Hairline veins filled 
with zeolite are locally present but make up much less than 
1% of the rock. The glassy rinds are almost completely re- 
placed by smectite and rare zeolite. Smectite also replaces 
interstitial material in the crystalline pillow interiors. 

The thicker units, which are interpreted as massive flows, 
consist of greenish-grey, fine- to very fine-grained, aphyric, 
vesicular rock with about 5-15% vesicles. On average, the 
vesicles in the flows are larger than those in the pillows and 
they occur in distinct layers or bands. They are partly filled 
with smectite, celadonite and zeolite. Hairline veins make up 
much less than 1% of the rock and consist chiefly of zeolite 
and minor silica. Some fractures are coated with a thin film of 
slickensided clay. The glassy margins are only partly replaced 
by smectite and some fresh glass is preserved. Interstitial 
material in the crystalline flow interiors is also replaced by 
smectite. 

Unit IV 

Upper contact: 70.65 m, intrusive 
Lower contact: 78.82 m, intrusive 
Thickness: 8.17m 
Lithology: Dyke 
Cooling unit: 18.02 

A single dyke, 8.17 m-thick, makes up Unit IV. Both the upper 
and lower contacts are marked by chilled glassy margins. The 
upper margin is nearly horizontal but tlie lower one dips 70 
degrees. The upper 30cm of the unit consist of black, perlitic 
glass with a zone of flow(?) brecciation 1-5 cm wide along 
the upper and lower margins. The glassy zone passes rather 
sharply into a crystalline portion composed of greenish-grey, 
aphyric rock with distinct variations in grain size. Adjacent 
to the glassy margins, the rock is very fine grained. The 
grain size increases gradually toward the center of the unit 
which is uniformly medium grained. Overall vesicles make 
up less than 1% of the rock but they are concentrated in 
distinct zones or layers. Within these zones, which may be 
up to 50cm-thick, vesicles range from about 5 to 15 modal 
percent. Most vesicles are round and they have a maximum 
diameter of about 5 mm. Some are open but most are filled 
with mixtures of smectite, carbonate and minor zeolite. A 
few hairline veins are filled with calcite and zeolite and some 
fractures are coated with dark greenish-brown, slickensided 
clay. A few narrow fractures between 71.10 and 72.55 m 
have narrow oxidized rims. Alteration in the glassy zones is 
concentrated along perlitic cracks where the glass is partly 
replaced by smectite. Much of the glass is still fresh. In the 
crystalline portions smectite replaces interstitial material but 
rarely exceeds 10 to 15 modal percent. 

Unit V 

Upper contact: 78.82 m, truncated 
Lower contact: 97.68 m, depositional(?) 
Thickness: 18.86 m 
Lithology: Massive flows 
Cooling units: 20.01 to 25.01 

An 8.86 m-thick sequence of relatively thin sheet flows makes 
up Unit V. Thirteen individual flows are recognized, ranging 
from 0.53 to 2.17 m and averaging 1.45 m in vertical thick- 
ness. Most flows are marked by black glassy margins but 
these are commonly brecciated and poorly recovered so that 
attitudes are difficult to determine. Where preserved the con- 
tacts dip 20 to 40 degrees. The crystalline flow interiors con- 
sist of greenish-grey, fine-grained, aphyric rock which also 
shows varying degrees of brecciation. Where highly brec- 
ciated, the flows consist of angular to subrounded fragments 
of crystalline material in a glassy matrix. In some cases the 
glassy material may make up as much as 50% of the flow. 
Vesicles are relatively abundant, averaging about 10% of in- 
dividual units but ranging up to 25% in some sections. Most 
are 3-5 mm in diameter but a few range up to 1 cm across. 
They are partly to completely filled with smectite and minor 
celadonite. Only a few hairline veins are present and these are 
filled with zeolite. The glassy material is about 40% altered 
to smectite whereas the crystalline portions are considerably 
fresher. In the crystalline zones celadonite is also a common 
secondary mineral. 
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Unit VI 

Upper contact: 97.68 m, depositional(?) 
Lower contact: 114.32m, depositional 
Thickness: 16.64 m 
Lithology: Pillowed lavas and sheet flows 
Cooling units: 25.02 to 29.04 

Unit VI is a 16.64 m-thick sequence of 23 thin cooling units 
tentatively identified as pillows and thin flows. Individual 
units range from 0.15 to 1.88 m and average 0.69 m in verti- 
cal thickness. Some of the units, such as 26.03, 26.04, 26.05, 
and 26.06, which have curved glassy margins and very fine- 
grained size, are interpreted as definite pillows. Thicker units 
such as 27.02 and 29.01 have flat glassy rims, slightly coarser 
grain sizes, and larger and more abundant vesicles than the 
pillows. These units are interpreted as thin massive flows al- 
though some could be large flat pillows. For the other units 
the lithologic and petrographic data are insufficient to distin- 
guish between pillows and flows. 

The definite pillows consist of greyish-green, fine- to very 
fine-grained, aphyric rock. Small patches, 2-3 mm wide, of 
clay minerals may be altered olivine or may be zones of 
groundmass alteration. Vesicle abundance ranges from 0 to 
4% overall but reaches 15% in some thin zones. The vesicles 
are round to irregular in shape and rarely exceed 2mm in di- 
ameter. Sparse zeolite veins less than 1 mm wide are present 
locally and some fractures are coated with clay minerals. The 
glassy margins are completely altered to smectite whereas the 
crystalline portions contain 20-25% smectite. 

The probable lava flows (e.g. cooling units 27.02 and 29.01) 
are lithologically similar to the pillows except for being some- 
what coarser grained and having distinct zones and layers of 
vesicles. One flow has patches and streaks of smectite, pos- 
sibly reflecting a flow structure. The vesicle-rich zones are 
normally 15-40cm-thick and contain up to 15% of vesicles. 
'The vesicles are spherical to irregular in shape and rarely 
exceed 5 mm in diameter. About half are filled with smec- 
tite. Glassy flow margins are completely replaced by smec- 
tite whereas the crystalline flow interiors contain 15-25% of 
smectite and celadonite, commonly in patches and stringers. 

The remaining cooling units have some features of both 
pillows and flows and their origin is not clear. 

Unit VII 

Upper contact: 1 14.32 m, depositional 
Lower contact: 1 17.00 m, depositional 
Thickness: 2.68 m 
Lithology: Massive flows 
Cooling units: 29.05 to 30.01 

Unit VII consists of two massive flows which are 0.70 and 
I .98 m-thick, respectively. Thin glassy margins occur at the 
flow boundaries, but these are commonly broken up and 
are difficult to locate unambiguously. The flows consist of 

greenish-grey, fine-grained, aphyric rock which is slightly 
brecciated in several intervals. Cooling unit 29.05 has narrow 
streaks of smectite parallel to the upper contact suggesting 
some flow structure. Vesicle abundance is less than 1 % over- 
all but ranges up to 7% in several narrow zones. Tlie vesicles 
are typically spherical, have a maximum diameter of about 
5 mm and are completely filled with smectite. Rare hairline 
veilllets are filled with smectite and calcite. Groundmass al- 
teration is moderate except in the glassy margins where the 
material is completely replaced by smectite. 

Unit VIII 

Upper contact: 1 17.00m. depositional 
Lower contact: 1 18.63 m, ambiguous 
Thickness: 1.63 m 
Litliology: Massive flow 
Cooling units: 30.02 

Unit VIII is a single massive flow of greenish-grey, fine- to 
very fine-grained, locally phyric basalt. It is treated as a sep- 
arate uni t  because of the presence of olivine and pyroxene 
phenocrysts. The upper contact is marked by a thin glassy 
margin that dips about 45 degrees. The lower contact is am- 
biguous but is probably truncated by the dyke of cooling unit 
30.03. The flow shows alternations in grain size and there 
are several poorly developed chilled margins near the base of 
the unit. Most of the flow is aphyric but olivine and pyrox- 
ene phenocrysts make up 5-10 modal percent in a 25 cm-thick 
zone in the lower part of the unit. The phenocrysts increase in 
size and abundance downward in this layer suggesting gravity 
settling. Both olivine and pyroxene crystals are subhedral to 
euhedral and range up to about 5 mm across. The olivine is 
completely replaced by calcite and smectite whereas the py- 
roxene crystals are partly replaced by smectite alone. Vesicles 
comprise about 2% of the unit but are concentrated in layers 
and bands up to about 30cm-thick. They are mostly spherical 
and average 2-3 mm in diameter. Most are completely filled 
with mixtures of smectite, calcite and minor zeolite. A few 
hairline veinlets of calcite cut the flow at a depth of 1 17.15 m. 
Groundmass alteration consists chiefly of patches and streaks 
of smectite which dip 5-15 degrees. 

Unit IX 

Upper contact: 1 18.63 m, ambiguous 
Lower contact: 125.60m. intrusive 
Thickness: 6.97 m 
Lithology: Dyke 
Cooling units: 30.03 

A single dyke, 6.97 m in vertical thickness, makes up Unit IX. 
Tlie upper contact is ambiguous but the lower one is marked 
by a glassy chill zone dipping at 45 degrees, which appears to 
truncate medium-grained rock of cooling unit 32.01. Unit IX 
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consists of dark greenish-grey, aphyric rock with zonal vari- 
ations in grain size and vesicle content. The grain size varies 
from aphanitic at the contacts to fine-grained in the central 
6m. Vesicles comprise about 3% of the unit but the abun- 
dance reaches 10% in some zones. These vesicle-rich zones 
range from about 50cm to 2m in thickness. Individual vesi- 
cles average about 2mm and range up to 5 mm in diame- 
ter. They are mostly filled with smectite and minor calcite. 
Rare hairline veinlets of zeolite, carbonate and smectite occur 
throughout, and some fractures are coated with hematite and 
celadonite. Groundmass alteration is expressed in irregular 
streaks and patches of calcite and possibly zeolite. 

Unit X 

Upper contact: 125.60m,truncated(?) 
Lower contact: 162.90 m, ambiguous 
Thickness: 37.30 m 
Lithology: Massive flows 
Cooling units: 32.01 to 41.04 

A series of nineteen massive flows makes up Unit X. Indi- 
vidual flows range from 0.19 to 11.05 m and average 1.96 m 
in vertical thickness. Many flow contacts are ambiguous and 
poorly preserved in drilling rubble but are recognized from 
glassy margins or sharp changes in grain size. The flows 
are light green to greenish grey, uniform, generally massive, 
aphyric, and moderately vesicular. Several flows (e.g. cool- 
ing units 34.01, 35.02, 38.01, and 40.02) have alternating 
zones of glassy and crystalline material a few centimeters 
thick. The thickest flow (cooling unit 35.03) has some planar 
zones suggesting possible flow structure. It also shows sys- 
tematic variations in grain size from aphanitic at the margins 
to medium-grained in the interior. 

Vesicles constitute 1-2% of the rock but the abundance 
reaches 10% in zones a few meters thick. They are spherical 
to irregular in shape and range from I-lOmm across. They 
are normally entirely filled with zeolite and calcite with lesser 
amounts of smectite or celadonite. Sparse veinlets rarely ex- 
ceed 1 mm in width and are filled with zeolite and calcite. A 
few fractures are coated with celadonite. 

Groundmass alteration is irregular and patchy. It is re- 
flected largely in patches of smectite and celadonite several 
centimeters across that are concentrated in bands or zones. 
Alteration in the thick flow (cooling unit 35.03) is more uni- 
formly distributed. Glassy flow margins are completely al- 
tered to smectite. 

Upper contact: 162.90 m, ambiguous 
Lower contact: 191.75 m, ambiguous 
Thickness: 28.85 m 
Lithology: Pillowed lavas and massive flows 
Cooling units: 42.01 to 49.04 

A 28.85 m-thick sequence composed chiefly of pillowed lavas 
makes up Unit XI. The pillows are recognized by their curved 
glassy margins, fine grain size, and small vertical thickness. 
Three cooling units (42.04, 43.01, and 48.01) are tentatively 
identified as massive flows based on their greater thickness, 
coarser grain size, and vesicle distribution. It is possible, 
however, that these could be unusually thick pillows. The 26 
cooling units identified as pillows range from 0.30 to 2.00m 
and average 0.80m in vertical thickness. The massive flows 
average 2.32m and range up to 4.01 m in thickness. 

The pillows are composed of light-grey to greenish-grey 
or rarely reddish-grey, fine-grained, aphyric rock, some of 
which is weakly brecciated. Vesicles are sparse, and range in 
abundance from less than I%, to up to 10% in some pillows. 
Most are spherical and range from 1-2 mm in diameter. They 
are generally filled with mixtures of smectite and calcite. A 
few vug-like masses of calcite are locally present. Veins make 
up much less than 1 % of the rock and range in thickness from 
hairline to 2mm. They are filled with mixtures of smectite, 
zeolite, and calcite. 

The massive flows consist of grey to greenish- or reddish- 
grey, aphanitic to fine-grained, slightly brecciated material. A 
few stringers of dark aphanitic material (smectite?) suggest 
some flow banding. The grain size varies systematically, be- 
coming coarser toward the flow centers. Vesicles are sparse 
but their abundance reaches 5% in some zones. They are 
spherical to irregular in shape and generally I-3mm in di- 
ameter. They are completely filled, mostly with smectite and 
minor zeolite. veins make up less than 1% of the unit but are 
considerably more abundant in some zones. They range up to 
3 mm in width and are filled with zeolite and calcite, locally 
accompanied by smectite or celadonite. Groundmass alter- 
ation is highly variable ranging from 100% in glassy margins 
and breccia zones to about 20% in massive, crystalline zones. 
Smectite and carbonate occur in irregular patches and blebs 
and there is minor hematitic staining in some sections. 

Unit XI1 

Upper contqct: 191.75 m, ambiguous 
Lower contact: 201.271~1, ambiguous 
Thickness: 9.52 m 
Lithology: Massive flows cut by dykes 
Cooling units: 50.01 to 52.02 

'The core in Unit XI1 is rubbly and broken making individual 
cooling units difficult to identify. Three cooling units (50.01, 
51.02, and 52.02) are identified as flows, based on grain size, 
contact relationships and the lack of curved glassy margins. 
Cooling units 51.01 and 52.01 are tentatively identified as 
dykes, based on intrusive contacts observed in some rubble 
fragments. The three flows range from 1.22 to 3.44m and 
average 2.41 m in vertical thickness. Only one flow has a 
glassy margin; the others have poorly preserved chilled zones 
at the contacts. The flows consist of light-grey to reddish- 
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or greenish-grey, aphanitic to fine-grained, aphyric rock with 
regular zonal grain size variations. Some dark streaks suggest 
flow banding. 

Vesicles average 1-2% in abundance but range up to 7% in 
some zones. Most are irregular in shape and are up to 5 mm 
across. They are partly filled with smectite or celadonite and 
sparse calcite. Discontinuous hairline veins filled with calcite 
and hematite are randomly scattered through the flows. Smec- 
tite is the common groundmass alteration phase, occurring in 
irregular patches, streaks, and blebs. Variable groundmass al- 
teration has produced a mottled appearance in many of the 
rocks. 

The dykes consist of grey to reddish- or brownish-grey, 
very fine-grained, aphyric rock with small, sparse vesicles 
which constitute less than 1% of the rock and rarely exceed 
2 mm in diameter. They are partly filled with calcite and 
zeolite. Sparse veins are discontinuous, hairline stringers of 
calcite, rimmed by hematite. Groundmass alteration produces 
a blotchy appearance to the rock. Lighter-coloured zones are 
nearly completely altered to hematite and smectite whereas 
darker zones have only relatively small amounts of smectite. 

Unit XI11 

Upper contact: 201.27 m, ambiguous 
Lower contact: 205.35 m, ambiguous 
Thickness: 4.08 m 
Lithology: Pillow lavas and breccia 
Cooling units: 52.03 to 53.01 

Unit XI11 consists of six cooling units tentatively identified 
as pillows and glassy breccia. The core is rubbly and contact 
relations are difficult to determine. However, both the thick- 
ness and fine-grained nature of the units suggest that they are 
pillows. Glassy margins are present on most units but they 
are commonly broken and scattered. Cooling units 52.03 and 
52.05 are composed of brecciated glassy material and are des- 
ignated as hyaloclastites. 

The probable pillows range from 0.35 to 1.82m and aver- 
age 0.84 m in vertical thickness. The rocks are light greenish 
grey, fine grained, and aphyric. Cooling unit 53.01 is quite 
brecciated and contains alternating layers of glass and crys- 
talline material. Vesicles vary in abundance from 1 to 7% of 
individual units and rarely exceed 2mm in diameter. Some 
contain calcite, zeolite, and smectite. There are no specific 
veins but the spaces between breccia fragments are filled with 
zeolite, celadonite, hematite, and calcite. 

Groundmass alteration is extensive in the glassy pillow 
margins, which are completely replaced by smectite, and in 
some of the breccia zones, where both smectite and zeolite are 
abundant. The hyaloclastites consist of green, brecciated, al- 
tered glass with rare fragments of crystalline material. Sparse 
vesicles, up to 3 mm across, are filled with zeolite. No veins 
are present but there is some greenish alteration along frac- 
tures. The glassy material is completely altered to smectite. 

Unit XIV 

Upper contact: 205.35 m, ambiguous 
Lower contact: 2 12.83 m, intrusive(?) 
Thickness: 7.48 m 
Lithology: Dyke 
Cooling units: 53.02 

A single cooling unit of light- to medium-grey, aphanitic to 
very fine-grained, aphyric basalt makes up Unit XIV. The up- 
per contact is ambiguous but is marked by glassy material in 
drilling rubble. The lower contact is a chilled glassy margin 
that dips 80 degrees. There are a number of dark patches in 
the rock that look like chill zones but they are not taken as 
contacts because they do not cut completely across the core. 
The unit is interpreted as a dyke because of its thickness, reg- 
ular grain-size variations, and steep lower contact. However, 
the unit could also be a massive flow. Vesicle abundance is 
less than 1% overall but ranges up to 5% in several zones 
that are up to 30cm thick. The vesicles are mostly spherical 
and do not exceed 3mm in diameter. Most are filled with 
smectite and zeolite. 

Hairline veinlets of zeolite and hematite are concentrated 
in a few zones up to 45cm-thick. Groundmass alteration 
is moderate and is manifested by bleaching and zeolitization 
which produces a mottled texture. Smectite replaces intersti- 
tial groundmass material throughout the core. 

Unit XV 

Upper contact: 212.83 m, truncated(?) 
Lower contact: 221.68 m, truncated(?) 
'Thickness: 8.85 m 
Lithology: Glassy breccia cut by a thin dyke 
Cooling units: 55.01 to 56.02 

Unit XV consists of two cooling units composed largely of 
brecciated glass and one c~ystalline flow (cooling unit 55.01). 
The unit is cut by a narrow dyke (cooling unit 56.01) between 
215.54 and 216.10 m. 

The glassy breccia is grey to reddish-grey in colour and 
consists of fragments of very fine-grained, crystalline rock 
surrounded by glassy material with a fragmental appearance. 
At least some of the fragmentation may be apparent, resulting 
from differential alteration. Vesicles are visible only in the 
crystalline pieces where they make up less than I % of the 
rock, except in a few narrow zones where abundance reaches 
5%. Most are 1-2mm across, irregular and partly filled with 
smectite and zeolite. A few discontinuous hairline veins and 
stringers are filled with zeolite. The glassy zones are com- 
pletely altered to mixtures of smectite and hematite whereas 
the crystalline fragments are only weakly altered to mixtures 
of smectite, zeolite, and hematite. 

Steeply dipping chilled margins suggest that cooling unit 
56.01 is a dyke. The rock is light grey, aphanitic to very fine 
grained, and aphyric. Vesicles are small and sparse, making 
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up much less than 1 % of the rock. They are filled with zeolite 
and minor calcite. Zeolite veins up to 1 mm wide are scat- 
tered through the cooling unit. Groundmass alteration is weak 
except in the chilled margins which are slightly bleached and 
replaced by smectite and zeolite. 

Unit XVI 

Upper contact: 221.68 m, intrusive 
Lower contact: 238.39m, intrusive(?) 
Thickness: 16.71 m 
Lithology: Dykes and massive flows 
Cooling units: 57.01 to 60.03 

Unit XVI consists chiefly of dykes with a few cooling units 
that could be massive flows. The dykes are recognized from 
steeply dipping chilled margins and a massive, uniform as- 
pect. Cooling units 58.03, 60.01, and 60.02 are tentatively 
identified as massive flows because they lack steep chilled 
margins. However, the core is highly broken and such mar- 
gins may have been present originally. 

'The dykes consist of very homogeneous, light-greenish- 
grey, aphryic rock with sparse vesicles. Systematic increases 
in grain size are observed; aphanitic at the margins to fine- 
grained in central parts of the dykes. Vesicles are completely 
absent or make up much less than 1% of the rock. They 
are spherical to irregular in shape and rarely exceed 1 mm in 
diameter. Most are filled with smectite, zeolite, and calcite. 
The only veins present are rare, hairline stringers of zeolite. 
Groundmass alteration is moderate except in the chilled mar- 
gins where the glass is completely altered to smectite. 

The possible flows are lithologically similar to the dykes 
except that they are commonly brecciated and have larger and 
more abundant vesicles. The vesicles occur in zones where 
they make up as much as 5% of the rock. They range up 
to 3 mm across, are spherical to irregular in shape and are 
filled entirely with zeolite. Rare veins are hairline stringers 
of zeolite. Groundmass alteration to smectite reaches 40% 
and is highest in the brecciated zones. 

Unit XVII 

Upper contact: 238.39m, ambiguous 
Lower contact: 242.20m, depositional 
Thickness: 3.81 m 
Lithology: Pillowed lavas 
Cooling units: 62.01 to 62.07 

A 3.81 m-thick sequence of pillow lavas makes up Unit XVII. 
The core is broken and rubbly but some pillow margins are 
still preserved. Others are recognized from glassy rubble in 
the core. Seven pillows are recognized, ranging from 0.32 to 
0.76 m and averaging 0.54 m in vertical thickness. They con- 
sist of light- to reddish- or greenish-grey, very fine-grained, 
aphyric rock. Vesicles make up 0-7% of individual pillows 

and average about 3%. They are typically spherical in shape 
and reach 5 mm in diameter. Most are completely filled with 
zeolite and minor calcite. Veins are absent except in cooling 
unit 62.07, but most pillows contain a few blebs and stringers 
of zeolite. The glassy pillow margins are completely altered 
to smectite. Groundmass alteration in the crystalline portions 
is 30-40% and involves replacement by smectite. 

Unit XVIII 

Upper contact: 242.201~1, depositional 
Lower contact: 269.85 m, ambiguous 
Thickness: 27.65 m 
Lithology: Breccias and flows 
Cooling units: 63.01 to 69.01 

Unit XVIII consists of a series of interlayered breccias and 
massive flows. 'The homogeneous character of cooling unit 
68.01 suggests it may be a dyke, but no intrusive contacts 
are preserved. The eight cooling units in this sequence range 
from 0.63 to 5.88 m and average 3.45 m in vertical thickness. 
The breccias consist of crystalline fragments of light-greenish- 
grey, aphyric material in a comminuted matrix of the same 
composition. Some slickensides on breccia fragments in cool- 
ing unit 67.02 suggest a small fault. In cooling unit 63.01 
brecciated glassy material separates several crystalline zones. 
The glassy breccia consists of brown fragments surrounded 
by green material, all of which are completely altered. 

The lava flows consist of light-greenish-grey, aphanitic to 
very fine-grained, aphyric rock with sparse vesicles. The vesi- 
cles are typically less than 3mm across and never exceed 3% 
of the rock. Rare vesicles are also present in the crystalline 
breccia fragments. Overall, about half of the vesicles are 
filled, chiefly with smectite or chlorite, zeolite, and calcite. 
A small amount of pyrite occurs in vesicles in cooling unit 
68.01. Veins are absent in most units but locally make up 1% 
of the rock. They are 1-2mm wide and are filled chiefly with 
zeolite and calcite. Veins in cooling unit 67.02 also contain 
pyrite. Fractures in many of the rocks are coated with smec- 
titelchlorite and hematite. Groundmass alteration is highest 
in the breccias, where blebs and patches of calcite and zeolite 
occur between the breccia fragments. Chlorite also replaces 
both breccia fragments and matrix material, particularly where 
it was originally glassy. Pyrite is present in the groundmass 
of cooling unit 67.02. The crystalline material appears to 
be mostly recrystallized and replaced by mixtures of chlorite, 
zeolite, and calcite. 

Unit XIX 

Upper contact: 269.85 m, ambiguous 
Lower contact: 35 1.1 1 m, ambiguous 
Thickness: 81.26m 
Lithology: Dyke with some massive flows 
Cooling units: 69.02 to 86.01 
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A thick sequence of relatively uniform dykes makes up 
Unit XIX. Of the 22 cooling units in this sequence, 19 are 
identified as definite or probable dykes, two as massive flows 
and one is of unknown origin. The clykes range from 0.26 to 
18.98 m and average 3.95 m in vertical thickness. Three of 
the dykes (cooling units 69.02, 75.01, and 82.02) are unusu- 
ally thick, ranging between 14 and l9m. The cooling units 
identified as definite dykes typically have one or more steeply 
dipping chilled margins. Such margins are not preserved on 
six unifo~m and non-vesicular cooling units classed as prob- 
able dykes. Seven 'thin zones' of glassy breccia occur in 
cooling unit 69.02, an 18.96m-thick dyke. Because there are 
no gmin size variations in the adjacent rock these are believed 
to represent material that fell into the hole when the drill rod 
was changed from HQ to NQ. 

The dykes consist of very uniform, light-greyish-green, 
very fine-grained, aphyric material, typically with aphanitic, 
non-glassy chilled margins. The core is quite broken and rub- 
bly but in most cases that seems to be due to drilling, not to 
original brecciation. A few thin breccia zones in cooling units 
75.01, 79.04, 79.05, 81.03, 82.01, and 82.02 consist of crys- 
talline fragments in a comminuted matrix and are probably 
small shear zones. Vesicles make up much less than 1% of 
the unit and are concentrated in relatively thin zones. Vesi- 
cles rarely exceed 2% of the rock. Most vesicles are small, 
about 2mm across, and are about half filled with chlorite, 
zeolite, qual-tz, and pyrite. Rare vug-like masses of the same 
minerals are present in a few cooling units. Veins are thin 
and sparse, consisting chiefly of hairline stringers of quartz, 
zeolite, and pyrite. Many of these veins have bleached halos 
1-3 mm wide. Groundmass alteration is widespread and the 
rocks appear to be extensjvely rec~ystallized to mixtures of 
chlorite and quartz, with minor amounts of pyrite and zeolite. 

Cooling units 78.02 and 81.04 are tentatively identified as 
flows, largely because they are more variable than the dykes 
and contain significant amounts of sometimes glassy brec- 
cia. The crystalline material consists of light-greenish-grey, 
very fine-grained, aphyric rock with larger and more abundant 
vesicles than are found in the dykes. The breccias consist of 
crystalline fragments in  a greenish matrix which may be al- 
tered glass. Vesicles are up to 5 mm across, spherical, and 
~nostly filled with mixtures of quartz, zeolite, and pyrite. One 
large vesicle in cooling unit 81.04 has traces of epidote, the 
liighest known occurrence of this mineral in the hole. Orig- 
inally glassy material is completely altered to greenish clay 
minerals, whereas the crystalline portions are recrystallized to 
mixtures of chlorite and quartz. 

Unit XX 

Upper contact: 35 1.1 1 m, ambiguous 
Lower contact: 377. lorn, truncated 
Thickness: 25.99 m 
Lithology: Massive flows cut by dykes 
Cooling units: 86.02 to 91.04 

Unit XX consists of I I cooling units, most of which are ten- 
tatively interpreted as massive flows. The only cooling un i t  
definitely identified as a dyke is 9 1.02. However, contact re- 
lations are ambiguous because the core is highly broken and 
rubbly and some of the flows could just as easily be dykes. 
Cooling unit 9 1.04 is a 70 cm-thick layer of breccia. 

The nine cooling units identified as flows range from 0.54 to 
7.25 m and average 2.73 m in vertical thickness. They consist 
of greyish-green, fine-grained, aphyric rock. In the thickest 
flow (cooling uni t  90.02) the grain size increases systemati- 
cally from the margins to the centre of the flow. Vesicle abun- 
dance averages 1-2% throughout but reaches 8% in some thin 
zones. Vesicles typically range from 1-3 mm across and are 
spherical. Most are partly to completely filled with quartz, 
zeolite, pyrite and traces of epidote. Veins are sparse and 
rarely exceed 21nm in width. They are filled witli quartz, 
chlorite, zeolite, and pyrite. 

The breccia of cooling unit 9 1.04 is light grey to greyish 
green and consists of angular fragments of crystalline material 
up to 5 cm across, in a comminuted matrix of the sarne com- 
position. Because the upper contact appears to be intrusive 
this is probably a brecciated dyke. 

The dyke of cooling unit 9 1.02 is co~nposed of greyish- 
green, aphanitic, aphyric rocks with streaks and bands that 
dip about 20 degrees. I t  has no vesicles or veins. The rock 
appeass to be lasgely replaced by quartz and chlorite. 

Unit XXI 

Upper contact: 377. I Om, intrusive 
Lower contact: 386.22m, ambiguous 
Thickness: 9.12m 
Lithology: Dykes 
Cooling units: 92.01 to 92.03 

Three dykes ranging from 1.30 to 5.98 m in vertical thick- 
ness make up Unit XXI. Cooling units 92.01 and 92.02 have 
definite intrusive contacts and 92.03 is interpreted as u dyke 
on the basis of its uniform, vely fine-grained character. Al- 
though very rubbly, the core is not obviously brecciatecl. The 
dykes consist of light-grey to greyish-green, fine- to very fine- 
grained, apliryic rock. Cooling uni t  92.03 has 2-3% of small 
patches of chlorite, some of which could be altered olivine 
crystals or just patchy groundmass alteration. Vesicles make 
up a b o ~ ~ t  I % of the rock and are randomly distributed. They 
average about 1 mm but range up to 5 mm across. They are 
completely filled witli chlorite, qual-tz, epidote, and some ze- 
olite. Rare hairline stringers of qual-tz are scattered through 
the unit. Groundmass alteration is extensive and involves 
recrystallization to quartz, chlorite, and minor jasper. 
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Unit XXII 

Upper contact: 386.22 m, ambiguous 
Lower contact: 389.35 m, depositional 
Thickness: 3.13m 
Lithology: Pillow lavas 
Cooling units: 93.01 to 94.03 

Unit XXII is a 3.13m-thick sequence of pillows. Four indi- 
vidual pillows are present, ranging from 0.50 to 1.25 m and 
averaging 0.78 m in vertical thickness. Chilled glassy margins 
are preserved on all units although the glass is completely al- 
tered. The pillows consist of grey to greenish-grey, fine- to 
very fine-grained, aphryic rock with 2 4 %  vesicles, some of 
which are up to 20mm across. The vesicles are spherical to 
irregular and are mostly filled with quartz, epidote, pyrite, and 
zeolite. Rare veins are up to 2mm wide and are filled with 
quartz, zeolite, and pyrite. The glassy pillow rinds are com- 
pletely altered to chlorite and quartz. The crystalline portions 
are somewhat less altered to the same minerals. 

Unit XXIII 

Upper contact: 389.35 m, depositional 
Lower contact: 403.3 1 m, sharp 
Thickness: 13.96 m 
Lithology: Massive flows and breccias 
Cooling units: 94.04 to 97.01 

Unit XXIII consists of three massive flows, two of which 
show considerable brecciation. The three cooling units range 
from 3.27 to 6.55 m and average 4.65m in vertical thick- 
ness. Most of them have glassy margins but the core is 
very rubbly and these are not well preserved. The flows con- 
sist of light-greenish-grey, fine- to very fine-grained, aphryic 
rock, which sometimes has inclined planar streaks sugges- 
tive of flow banding. The breccias consist of green, angular 
fragments of crystalline material in a light-coloured, highly- 
altered matrix composed largely of quartz with minor epidote 
and pyrite. Vesicles are sparse and largely confined to the un- 
brecciated zones. They are spherical to irregular in shape and 
range up to 15 mm across. They are partly filled with quartz 
and epidote. Very rare veins are hairline stringers of quartz. 
Groundmass alteration is highest in  the breccias which now 
consist largely of chlorite, quartz, epidote, and pyrite. The 
massive zones consist mostly of chlorite and quartz. 

Unit XXIV 

Upper contact: 403.3 1 m, sharp 
Lower contact: 422.88 m, sharp 
Thickness: 19.57 m 
Lithology: Dykes 
Cooling units: 97.02 to 101.02 

Nine dykes make up this 19.57 m-thick unit. Individual dykes 
range from 0.49 to 3.15 m and average 2.17 m in vertical 
thickness. Most of the units have one or more intrusive 
contacts; the others are interpreted as dykes because of their 
fine-grained, uniform character. Minor breccia zones occur 
in cooling units 97.02, 98.01, 99.01 and 101.02. The dykes 
consist of greyish-green, aplianitic to fine-grained, aphyric 
material with small, sparse vesicles. Most vesicles are less 
than I mm across and they are typically scattered through the 
rock. They are filled with quartz, pyrite, and in some cases, 
zeolite. Discontinuous, hairline veinlets filled with quartz and 
pyrite are scattered through the unit.  Groundmass alteration 
involves extensive replacement by quartz and chlorite. 

The breccia zones consist of small, angular fragments of 
crystalline rock in a comminuted matrix of the same composi- 
tion. In these zones the rock appears to be completely altered 
to quartz and chlorite. 

Unit XXV 

Upper contact: 422.88 m, sharp 
Lower contact: 456.08 m, ambiguous 
Thickness: 33.20 
Lithology: Flows, breccias and dykes 
Cooling units: 101.03 to 107.01 

Unit XXV is a heterogeneous sequence composed chiefly of 
massive and brecciated lava flows cut by a few dykes. The 
core is very rubbly and contact relations are rarely preserved 
so cooling unit identification is difficult. Of the 16 cooling 
units recognized, ten are tentatively identified as massive or 
partly brecciated flows, one as a breccia, and five as dykes. 
The dykes are distinguished from flows by their steep, intru- 
sive contacts or by their massive, unifonn character. 

The flows range from 0.49 to 4.42 m and average 1.88 m 
in vertical thickness. They consist of light-grey to greyish- 
green, fine-grained, aphryic material. A few flows have al- 
tered glassy margins; other have thin breccia zones either 
within the cooling unit or along the contacts. Vesicles in the 
flows range in abundance from about 1-3% and are up to 
5 mm across. They are nearly completely filled with chlo- 
rite, quartz, epidote, and pyrite. Vein abundance reaches 
about 5% and they have a maximum width of about 5mm. 
They are tilled with quartz, epidote, pyrite, and rare zeolite. 
Groundmass alteration involves nearly complete replacement 
by quartz and chlorite. The light-greyish-green breccias con- 
sist of fragments of aphyric, crystalline rock, and possibly 
some altered glass, in a fine-grained, completely altered ma- 
trix. Vesicles and veins are absent. The groundmass is altered, 
largely to chlorite with lesser amounts of quartz. 

The dykes consist of very uniform, light-grey to greenish- 
grey, fine-grained, apliyric material with very little breccia- 
tion. Vesicles are rare and never exceed 2mm in diame- 
ter. They are filled chiefly with quartz and traces of pyrite. 
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There are no veins but some fractures are coated with chlo- 
rite. Groundmass alteration is extensive and involves replace- 
ment by chlorite and quartz. Some dykes have small 'blebs' 
of dark chlorite but these do not appear to be altered phe- 
nocrysts. There is minor bleaching of the rock adjacent to 
some fractures. 

Unit XXVI 

Upper contact: 456.08 m, ambiguous 
Lower contact: 462.99 m, ambiguous 
Thickness: 6.91 m 
Lithology: Massive flows 
Cooling units: 108.01 to 109.03 

Unit XXVI consists of 6 cooling units tentatively identified 
as massive flows. The core is broken and rubbly and cooling 
unit contacts are mostly ambiguous so some units could be 
dykes. The rocks are light grey to faintly reddish- or greenish- 
grey, fine- to very fine-grained, and aphyric. Some units have 
slightly inclined streaks and bands suggestive of flow band- 
ing. Cooling unit 109.01 has a narrow zone of brecciation on 
the side of the core. Vesicle abundance averages about 1% 
and vesicles are about 1-3 mm across. Some cooling units 
(e.g. 108.03) have very large vugs up to 4cm across. Both 
vesicles and vugs are filled with mixtures of quartz, epidote, 
calcite, pyrite, and chlorite. Hairline veins filled with quartz 
and pyrite make up less than 1% of the unit. Groundmass 
alteration is extensive and involves replacement by chlorite 
and quartz with traces of pyrite. Traces of epidote are also 
found in some of the chilled margins. 

Unit XXVII 

Upper contact: 462.99 m, ambiguous 
Lower contact: 475.15 m, ambiguous 
Thickness: 12.16m 
Lithology: Dykes 
Cooling units: 1 10.01 to 1 12.02 

Unit XXVII is 12.16m-thick sequence of dykes. The six 
cooling units range from 0.92 to 3.66m and average 2.43m 
in vertical thickness. Although the core is rubbly and bro- 
ken, most of the dykes have at least one chilled margin pre- 
served. The dykes consist of light-greyish-green, uniform, 
fine-grained, aphyric rock with sparse vesicles. A few cool- 
ing units have light, inclined streaks or bands and small zones 
of brecciation. Vesicles average 1-2% and range in size up 
to 3mm. They are mostly filled with mixtures of quartz, 
epidote, clilorite, calcite, and pyrite. Rare hairline veins are 
filled with chlorite, quartz, and pyrite. Groundmass alteration 
is extensive and involves replacement by chlorite, quartz, and 
pyrite with traces of epidote. 

Unit XXVIII 

Upper contact: 475.15 m, ambiguous 
Lower contact: 524180 m, intrusive 
Thickness: 59.93 m 
Lithology: Massive flows, breccias and dykes 
Cooling units: 1 13.01 to 122.02 

Unit XXVIII is a series of massive lava flows and breccias cut 
by numerous dykes. Of the 23 cooling units in this sequence, 
14 are interpreted as flows or flow breccias and nine as dykes. 
However, the core is broken and rubbly and contact rela- 
tions are rarely preserved, making the correct identification 
of cooling units difficult. The flows and flow breccias range 
from 0.53 to 5.88 m and average 2.60 m in vertical thickness. 
They consist of light-grey to purplish-grey and greenish-grey, 
aphanitic to very fine-grained, aphyric rock. Many of the 
flows exhibit weak brecciation along their contacts and some, 
such as cooling units 113.03, 114.03, 119.01, and 120.01, 
are extensively brecciated. In the breccias, grey crystalline 
fragments, up to about 5 cm across, are surrounded by a fine- 
grained, highly altered matrix. Little or no glass is recognized 
in these rocks. Vesicle abundance typically averages 1-2% 
and vesicles are visible only in the crystalline fragments in  
the breccias. They are irregular to ovoid in shape and range 
up to 15 mm across. Most are completely filled with epidote, 
quartz, pyrite, and some chlorite. Veins are extremely rare in 
this unit. Where present they are up to 2mm wide and filled 
with quartz and pyrite. Groundmass alteration is 100% in 
the breccias, but less in the massive flows. Chlorite, epidote, 
and quartz are the most common secondary minerals; pyrite 
is present in a few flows. 

The nine definite or probable dykes range from 0.63 to 
2.97 m and average 1.45 m in vertical thickness. The dykes 
have steep chilled margins and a uniform, non-vesicular 
character. They consist of light-greenish-grey, fine-grained, 
aphyric rock with some systematic grain size variations. Vesi- 
cle abundance averages about 1% and vesicles rarely exceed 
2mm in diameter; a few are up to 12mm across. They are 
filled with chlorite, quartz, epidote, and pyrite. Veins are 
almost non-existent in the dykes but rare hairline stringers 
are filled with quartz and pyrite. A few fractures are coated 
with pyrite and hematite. Groundmass alteration is largely to 
chlorite, epidote, and quartz. A few dykes (e.g. cooling unit 
121.02) have a mottled appearance due to white, presumably 
quartz-rich, patches up to 15 mm across. 

Unit XXIX 

Upper contact: 524.80m, truncated 
Lower contact: 535.08 m, ambiguous 
Thickness: 10.28 m 
Lithology: Massive and brecciated flows 
Cooling units: 122.03 to 124.02 
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Four cooling units, tentatively identified as brecciated lava 
flows, make up Unit XXIX. The core is broken and rub- 
bly and contact relations are poorly preserved. These units 
are identified as flows, mainly because of their brecciated 
and vesicular character. The lavas consist of light-grey to 
greyish-green, fine- to very fine-grained, aphyric rock with 
variable degrees of brecciation. In most units the breccia- 
tion is confined to thin zones, 10-50cm thick, but in others 
(e.g. cooling unit 124.02) it is more extensive. The breccias 
are generally greyish-green and consist of irregular fragments 
and clasts of crystalline material, 5-6cm across, in a highly 
altered, comminuted matrix. Vesicles make up 1-2% of the 
massive rock but are not recognized in the breccia. They are 
irregularly distributed and make up as much as 10% in some 
narrow zones. Most are less than 5 mm across and are filled 
with quartz, epidote, and pyrite with minor chlorite. Hair- 
line veins of quartz, chlorite, epidote, pyrite, and zeolite are 
common but make up less than 1% of the rock. Groundmass 
alteration is high, particularly in the breccia. It involves re- 
placement by chlorite, quartz, pyrite, and rare hematite. The 
alteration is variable, producing a mottled or patchy texture 
in some units. In the breccias the clasts are normally rich in 
epidote, whereas the matrix consists largely of chlorite. 

Most vesicles are about 3 mm across but a few larger ones are 
also present. They are about half filled with chlorite, epidote, 
quartz, pyrite, and minor zeolite. Hairline veins or stringers 
of quartz, with or without pyrite, are scattered throughout. 

Groundmass alteration in the breccias is very extensive and 
involves replacement by quartz, epidote, chlorite, and pyrite. 
The same secondary minerals occur in the massive flows, 
where they are less abundant. 

Unit XXXI 

Upper contact: 605.5 1 m, faulted 
Lower contact: 606.01 m, faulted 
Thickness: 0.50 ~n 
Lithology: Fault breccia 
Cooling units: 138.01 

Unit XXXI consists of 0.50m of grey to reddish-grey fault 
breccia. The breccia is composed of angular fragments, 
2-30mm across, of fine-grained, aphryic rock in a comniin- 
uted matrix of the same composition. There are no vesicles or 
veins. The breccia matrix is completely replaced by chlorite, 
epidote, quartz(?), and I~ematite. The clasts are partly altered 
to quartz and chlorite. 

Unit XXX 
Unit XXXII 

Upper contact: 535.08 m, ambiguous 
Lower contact: 605.51 m, ambiguous 
Thickness: 70.43 m 
Lithology: Dykes and massive flows 
Cooling units: 124.03 to 137.01 

Unit XXX is a heterogeneous sequence composed of dykes 
and massive flows. Of the 24 cooling units in this sequence 
14 are tentatively identified as dykes, largely on the basis of 
steep, chilled margins or their unifo~m, non-vesicular charac- 
ter. The dykes range from 0.29 to 15.19 m and average 2.87 m 
in vertical thickness. They consist of light-grey to greenish- 
grey, fine-grained, homogeneous, aphyric rock. Vesicle abun- 
dance averages less than 1 %  and vesicles are more or less 
uniformly distributed. They are partly or completely filled 
with epidote, quartz, chlorite, and pyrite. Veins are sparse, 
typically up to 1 mm wide and filled with pyrite, quartz, chlo- 
rite, and zeolite. Groundmass alteration is extensive, at least 
60-70%, and involves of replacement by chlorite and quartz. 
Many of the rocks have a spotted appearance due to the pres- 
ence of round, white, presumably quartz-rich, patches. 

The lava flows range from 0.40 to 8.09m and average 
3.03 m in vertical thickness. They consist of light-greyish- 
green, aphanitic to fine-grained, aphyric material. The brec- 
ciated zones consist largely of green fragments of altered ma- 
terial in an altered quartz-rich matrix. Some of the fragments 
may originally have been glassy and a few curved margins 
are suggestive of pillow structures. Vesicle abundance aver- 
ages about 1-2% and ranges up to 7 or 8% in some zones. 

Upper contact: 606.01 m, faulted 
Lower contact: 63 1.05 m, faulted 
Thickness: 25.04 m 
Lithology: Dykes and flows 
Cooling units: 138.02 to 142.01 

Unit XXXII is a 25.04m-thick sequence of dykes and prob- 
able lava flows between two faults. The core is broken and 
rubbly, making cooling unit identification difficult. Half of 
the 10 cooling units in this interval are tentatively identified 
as dykes, the other half as flows. Only one dyke (cooling uni t  
139.01) has clearly intrusive contacts; the others are identified 
on the basis of their massive, uniform character. 

The five dykes range from 0.84 to 3.45m and average 
2.23 m in vertical thickness. They consist of greenish-grey, 
very fine- to medium-grained, aphryic material with rare vesi- 
cles. Vesicles make up much less than I% of the un i t  and 
are randomly distributed. They have a maximum diameter of 
about 41nm and most are spherical. Quartz, epidote, chlo- 
rite, and pyrite are the common vesicle fillings. Rare hairline 
veinlets are filled with various mixtures of the same miner- 
als, along with some zeolite. Groundmass alteration averages 
about 60% and involves replacement by chlorite and quartz, 
locally accompa~iied by epidote and pyrite. 

The five probable flows range from 0.82 to 8.35 m and aver- 
age 2.77 m in vertical thickness. They consist of light-grey to 
greenish-grey, aphanitic to fine-grained, aphyric material with 
varying degrees of brecciation. The most highly brecciated 
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cooling units (139.02 and 141.03) are grey, reddish-grey, or 
green in colour and are highly altered. The breccias consist of 
highly altered fragments in a comminuted matrix of the same 
composition. Vesicles range from 1-2% and are up to about 
4mm across. They are mostly filled with epidote, chlorite, 
quartz, and pyrite. Sparse hairline veins are filled with the 
same minerals. 

Groundmass alteration is highly variable, being 100% in 
the brecciated zones and 60-70% elsewhere. The rock is 
replaced largely by mixtures of chlorite, quartz, epidote, and 
pyrite. Some hematite occurs in the breccias and gives them 
their reddish-grey colour. 

The eight dykes of Unit XXXIV range from 0.26 to 17.46 m 
and average 4.43 m in vertical thickness. They are recognized 
on the basis of steeply dipping chilled margins or on their 
massive, uniform character. They consist of greenish-grey, 
fine-grained, aphyric rock with very few vesicles. Veins make 
up much less than 1 % of the rock and are filled with clilorite, 
epidote, pyrite, and quartz. Some fractures are coated with 
hematite. Groundmass alteration is between 60 and 80% and 
involves replacement by chlorite, epidote, and quartz. Some 
of the dykes have a spotted appearance due to the presence 
of small white patches, presumably rich in quartz. 
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Unit XXXIII 

Upper contact: 63 1.05 m, faulted 
Lower contact: 631.35 m, ambiguous 
Thickness: 0.30 m 
Lithology: Fault breccia 
Cooling units: 143.01 

A 30cm-thick sequence of light-green fault breccia makes 
up Unit XXXIII. The breccia consists of angular crystalline 
fragments of aphanitic material, 2-30mm across, in a com- 
minuted matrix of the same composition. No vesicles or veins 
are present. The groundmass material is completely replaced 
by quartz and chlorite. 

Unit XXXIV 

Upper contact: 63 1.35 m, faulted 
Lower contact: 701.19m, base of hole 
Thickness: 69.84 m 
Lithology: Dykes and flows 
Cooling units: 144.01 to 156.03 

Unit XXIV consists of a 69.84 m-thick sequence of dykes and 
lava flows, very similar to those of Unit XXXII. Flows and 
probable flows make up 11 of the 19 cooling units in this se- 
quence. They range from 0.24 to 7.64m and average 3.13m 
in vestical thickness. Most are heterogeneous units consisting 
of greenish-grey, fine-grained, aphyric rock, accompanied by 
variable amounts of breccia. The brecciated zones are typi- 
cally green and highly altered. Vesicles average about 2% of 
the flows but range up to nearly 10% in some zones. One 
flow (cooling unit 148.01) has many vesicle zones or bands 
up to a meter thick. Most vesicles are in the range of 1-3 mm 
across but some are up to 2cm. Rare vugs up to 4cm across 
are present locally. The vesicles and vugs are almost com- 
pletely filled with mixtures of chlorite, epidote, quartz, and 
pyrite. Sparse hairline veinlets are filled with the same miner- 
als and a few fractures are coated with hematite. Groundmass 
alteration is extensive, particularly in the breccia zones. Most 
of the rock is replaced by mixtures of chlorite, quartz, and 
epidote but there are some zones (e.g. in cooling unit 148.01) 
composed almost entirely of epidote. 

This summary was produced by the first and third authors 
from the detailed core descriptions prepared in Cyprus by 
Lech Lewczuk, Angela Dobson, Louisa Home and Paul 
T. Robinson. The assistance of these individuals is grate- 
fully acknowledged. The second author was responsible for 
the preparation of the typeset material at the University of 
Waterloo, Waterloo, Ontario, Canada. 
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Abstract 

Drillholes CYll and CY-1A of the Cyprus Crustal Study Project are situated in the Akaki River canyon 
on the northern flank of tlie Troodos ranges, in an area underlain by the higher portions of the ophiolitic 
succession. The basement rocks of the area consist of a series of pillow lavas and thin flows, hyaloclastites 
and an underlying sequence of diabase dykes with lava screens. The cover to these igneous rocks forms part 
of the Circum-Troodos succession and consists of marls, chalks, minor cherts and intermittent occurrences of 
ferromanganiferous shales and umbers. 

The igneous rocks comprise two distinct geochemical types which developed in cycles of tectonic, hydrother- 
mal and volcanic activity. Only tenuous correlation can be made with in sit14 oceanic crust. 

Les trous de forage CY-I et CY-IA du project d'ttude de la croQte chypriote sont situCs dans le canyon de 
la Rivikre Akaki sur le flanc nord des chaines de montagnes Troodos, au-dessous laquelle est situCe les plus 
grands constituants de la succession ophiolitique. Les soubassements de la zone consistent d'une sCrie de 
coussinets de laves et de minces tcoulements, d'hyaloclastites ainsi qu'une sCquence au-dessous de dykes de 
diabase avec une interstratification de laves. L'enveloppe de ces roches igntes forme une partie de la succession 
des Circum-Troodos et consiste de marnes, de calcaire, d'une quantitC moindre de cherts ainsi que quelques 
gisements intermittents de schistes argileux et de lignites terreuses ferromanganiferes. 

Les roches ignkes comprennent deux types gCochimiques distinctifs qui se sont dtvelopts dans les cycles 
d'activitk tectonique, hydrothermique et volcanique. Seulement une corrdation tCnue peut &tre faite avec une 
croate ocCanique in situ. 
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DEPTH Iml SEISMIC LAYER DRILLHOLES 1 

Basaltic 

Figure 1: Relative depths of penetration of the ICRDG 
boreholes of the Cyprus Crustal Study Project and the 
representative stratigraphic horizons sampled. 

INTRODUCTION 

The Cyprus Crustal Study Project (CCSP) was designed to 
investigate the structure and evolution of the Troodos ophi- 
olite complex by a combined program of field mapping and 
deep crustal drilling. The drilling component consisted of a 
sequence of five holes designed to sample, by offset drilling, 
the igneous portion of the ophiolite sequence from the upper 
pillow lava-sediment interface to the lower plutonic series 
(Figure I). Initial results from the holes sampling the deeper 
portions of the ophiolite are reported in earlier publications 
(Robinson et a]., 1987; Gibson et al., 1989). Holes CY-I 
and CY-lA, the results of which are reported in this volume, 
sampled the volcanic carapace of the ophiolite. 

The Troodos massif exposes the ophiolite stratigraphy in an 
annular form, with the volcanic sequence surrounding a core 
of lower plutonic rocks (Figure 2). The northern exposures 
of volcanic rocks are generally less affected by deformation 
events that took place both on the seafloor and subsequently 

during emplacement. The Arakapas Fault and Limassol For- 
est Complex, represent a presumed fossil transform fault (Si- 
monian and Gass, 1978; Murton and Gass, 1986) that tra- 
verses the southern margin of the ophiolite and complicates 
the stratigraphy in that region. For this reason CCSP bore- 
holes CY-1 and CY-1A were sited in the Akaki-Maroulena 
River canyon on the northern flank of Troodos (Figure 3). 

Hole CY-I was spudded at the sediment/ lava interface and 
was intended to sample the entire volcanic sequence in that 
locality. However, due to hole instability, drilling was termi- 
nated at 474m with 91% recovery. The core sampled aphyric 
and olivine/clinopyroxene-phyric lavas. Both pillowed and 
massive flows occur and these are similar to those exposed in 
the canyon walls (Figure 4). 

CY-IA was sited approximately 2 km further south in the 
canyon (Figure 4). Drilling started at a stratigraphic horizon 
approximately equivalent to the base CY-1 and penetrated 
to a depth of 700m with 95% recovery. High water pressure 
prevented further drilling. Surprisingly, it has proved difficult 
to correlate in detail units from the drill core with exposures 
in the canyon wall. Both show pillowed and massive lava 
units and these are cut by diabase dykes. The latter become 
more common with increasing stratigraphic depth. CY-1A 
terminates in a sheeted dyke swarm, presumably in the Basal 
Group (Xenophontos and Malpas, 1987). 

REGIONAL GEOLOGY 

The Akaki canyon lies within the Akaki-Lythrodonda map 
area of Bear (1960). The regional geology is summarized in 
Figure 3. Roughly equal proportions of sediments and the 
underlying igneous rocks are exposed in the area. However 
the boundary is complex and marked by numerous inliers and 
outliers along a line between Mitsero and Analyonda villages. 
The sedimentary succession comprises the Peraphedi Forma- 
tion and the overlying Lapithos Group (Figure 5). Although 
there are significant differences in thickness of this sedimen- 
tary pile, even in closely adjacent areas, sedimentation of 
marls and chalks with chert horizons appears to have been 
continuous through the Upper Cretaceous to Lower Miocene. 

The Circum-Troodos sedimentary 
cover succession 

The Troodos ophiolite was produced during a phase of supra- 
subductiori spreading that was abruptly terminated in the 
Maastrichtian by collision with the Mamonia Complex micro- 
plate (Malpas et al., submitted). The resulting tectonic activ- 
ity involved the counter-clockwise rotation of the Troodos 
block. Major strike slip faults and local transpressional and 
transtensional regimes were also developed along the terrane 
boundary. A period of tectonic quiescence following the col- 
lision allowed for the deposition of a thick series of pelagic 
carbonates. Subsequent gradual shallowing of the sea was 
emphasized in the Middle Miocene by more rapid uplift of 
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Figure 2: Geology of the T~.oodos ophiolite, Cyprus. 

the ophiolite and its eventual exposure above sea level. In 
the late Middle to Upper Miocene, sedimentation of evapor- 
itic deposits was widespread both here and elsewhere in the 
Mediterranean (Hsu et al., 1978). The Pliocene was a period 
of renewed marine transgression with marl sedimentation in 
fault controlled basins; coarser arenaceous sediments surround 
points of positive relief. Renewed episodic uplift continued 
throughout the Pleistocene with the concomitant deposition of 
very immature coarse sediments or fanglomerates that cover 
most of the older sediments. 

(a) The Peraphedi Formation 

In the present discussion, the Peraphedi Formation is defined 
as including only the manganiferous sediments, radiolarites, 
and radiolarian mudstones that immediately overly the ophi- 
olitic extrusive rocks. The overlying bentonites and arena- 
ceous sediments (Bear, 1960) are now considered to be a sep- 
arate formation. The umbers are homogeneous fine-grained 
rocks with a conchoidal fracture, consisting of argillaceous 
material mixed with hydrated ferric- and manganese-oxides. 
They were formed by precipitation from hydrothermal waters 
venting onto the ocean floor and grade into manganiferous 

shales that are by far the most widespread member of tlie 
formation. These shales are typically fissile rocks with a pro- 
nounced slaty cleavage, chocolate-brown colour, and in places 
slumped bedding accompanied by the development of thin in- 
terbeds of jasper. There is some lateral facies variation into 
rocks with more clay in places with increased amounts of con- 
centrated pyrolusite and psilomelane. The uneven distribution 
of these sediments is a result of their confinement to hollows 
or depressions in the lava surface. The iron /manganese- and 
trace-element-enriched fine-grained sediments have an aver- 
age thickness of a few metres but in some areas may reach 
as much as 35 m. 

The almost total absence of detrital and calcareous sed- 
imentation at this time slowly gives way to the deposition 
of radiolarites and radiolarian mudstones. These are in turn 
overlain by discontinuous deposits of bentonitic clays and 
sediments of tlie Kannaviou Formation (previously the Moni 
Formation). The radiolarian fauna of the Peraphedi Formation 
are Campanian, whereas the overlying bentonitic clays have 
been dated as Maastrichtian (Robertson and Hudson, 1974). 
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AKAKl RIVER SECTION 

COMPOSITE STRATIGRAPHIC 
COLUMN 

Figure 4: Volcanic units of the Akaki River canyon 
section i n  the vicinity of CY-1 and CY-1A. 

(b) The Kannaviou Formation 

The unusual Kannaviou Formation warrants a brief descrip- 
tion, although essentially absent in the area surrounding the 
CY- I and CY-I A boreholes. These sediments are thickest 
southwest of the Troodos massif, in the Paphos region, where 
they reach a thickness of over 700m. 

A thin bed of bentonitic clay is exposed in the Pedieos 
River canyon near Kambia, resting directly on the pillow 
lavas. At this locality it is directly overlain by radiolarites 
and marls and is equated with the Kannaviou bentonite that 
is better-developed elsewhere. In southwest Cyprus the pil- 
low lavas of the Troodos ophiolite are directly overlain by 
up to 750m of Kannaviou Formation sediments of Lower 
Campanian to Mid-Maastrichtian age. The basal sediments 
are essentially bentonitic clays and radiolarian mudstones, in- 
dicating slow 'deposition below the calcium-carbonate com- 
pensation depth. Stratigraphically higher bentonitic clays are 
calcareous and are interbedded with siltstones and sandstones 
of volcanic origin. They appear to have been deposited by 
turbidity currents at a much more rapid rate than the lower 

Alluvium 
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Terraces t l 5 M  . . . . .  Athalassa 1 ! ' 1 Calcarenite, sand (0-40m) 
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Pakhna 

Lefkara 

Kannaviou 

Perapedhi 

upper 
Pillow Lavas 

Marl, sandy marl, sandstone. 
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Chalk and bedded chert (0-250m) 
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Radiolarites, bentonite 

Umber (0-30m) 

Figure 5: Stratigraphic column of the Circum-Troodos 
sedimentary succession. 

sediments. These higher sequences contain abundant fine- 
grained clasts of pumice and acid volcanics, and terrigenous 
material that appears to have been derived from an area not 
represented in the geology of Cyprus. Possibly the Kannaviou 
Formation contains deposits derived from active arc volcan- 
ism during late Cretaceous times, although such an arc is not 
preserved in the immediate area. 
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Figure 6: Cross-section (N-S) of the upper volca~lic 
rocks and sedimentary cores on the north front of the 
Troodos massif near Mitsero village (after Follows and 
Robertson, 1990). 

(c) The Lefkara Formation 

The Lefkara Formation (Lapithos Group of previous stud- 
ies) immediately overlies Peraphedhi (or locally Kannaviou) 
sediments. In the area of the drillholes it is exposed in a dis- 
continuous belt running east-west immediately north of the 
igneous rocks. The formation is traditionally divided into 
Lower, Middle, and Upper units that are dated by planktonic 
foraminifera. 

The Lower Lefkara is Maastrichtian in age and consists of 
thin-bedded, pinkish to off-white marls and chalks with local 
chert nodules. It rarely exceeds 50m in thickness. Where 
manganiferous sediments and/or bentonitic clays are miss- 
ing, it directly covers the lava of the underlying volcanic 
topography. Near the CY-I and CY-1A boreholes, the Lower 
Lefkara is missing and the Middle Lefkara sediments may be 
faulted against the volcanic rocks, although the contact is not 
exposed in the Akaki River canyon. 

The overlying Upper Lefkara Formation, of mid-late 
Oligocene age, comprises more uniform pelagic chalk, up to 
several hundred metres thick (Zomenis, 1972). In the study 
area, the Lefkara Formation is disconformably overlain by the 
mid-late Miocene Pakhna Formation (Pantazis, 1967). 

(d) The Pakhna Formation 

Along the northern margin of Troodos, the Pakhna Formation 
is composed of chalk, bioclastic limestone, sandstones, and 
marls. Reefal limestones occur at the base (Terra member) 
and top (Karonia member) of the formation (Figures 5 and 
6). Marked changes in thickness are apparent, especially in 
the area of the Akaki River canyon. The thickness variations 
are in places accompanied by lithological changes (e.g. chalk 
deposition on blocks of higher elevation and marl and reef 
detritus at lower levels; Follows and Robertson, 1990) and 

may result from faulting during the deposition of the Pakhna 
sediments. 

(e) The Kalavasos Formation 

Evaporite successions several tens of metres thick outcrop be- 
tween the reefal limestones of the upper Pakhna to the south, 
and Pliocene rocks of the Mesaoria basin to the north. Large 
(one metre long) selenite crystals occur with laminated al- 
abaster and gypsiferous marl: carbonate laminae occur within 
the alabaster. The base of the succession contains large tilted 
selenite blocks. 

(f) The Nicosia Formation 

The Messinian erosional surface is unconformably overlain 
by pink and white foraminiferal' chalks and the succeeding 
brown mudstones of the Nicosia Formation. Lower horizons 
of this formation are marked by debris flows containing blocks 
of selenite and other evaporites in carbonate matrix. More 
widespread debris flows, or megabreccias, up to tens of metres 
in thickness. contain blocks of reefal and detrital limestone. 

(g) Stratigraphic summary 

Early Miocene to Early Pliocene sedimentation in the area 
of the CY-1 and CY-1A boreholes was dominated by local 
areas of uplift in a tensional regime. As a result, in the 
Early Miocene, large debris flows developed containing reefal 
debris. By Late Miocene time the area had become emergent, 
shedding clastic sediments into the Pakhna basin. After the 
Messinian salinity crisis, renewed tensional faults resulted in 
the redeposition of older carbonates and evaporites and their 
incorporation into the basal Pliocene clastics of the Nicosia 
Formation (Figure 6). 

The Volcanic succession of the Troodos ophiolite 

(a) Field relationships 

The extrusive sequence of the Troodos ophiolite as exposed 
along the Akaki River canyon is approximately 1 100-1 700 m- 
thick. It may be divided on the basis of both field observa- 
tions and the chemistry of the volcanic rocks into a lower 
lava sequence dominated by island-arc tholeiitic basalts and 
derivatives, and an upper lava sequence of highly depleted 
arc tholeiites of boninitic affinity. Both lava sequences are 
made up of a variety of volcanic forms: pillow lavas, sheet 
flows and breccia flows. 

Pillow volcanoes, as described by Schmincke and Bednarz 
(1990) are comprised of mainly basaltic andesites. Large 
3 m x 6m bulbous megapillows (Figure 7A), related to long- 
lived trunk feeder systems, make up the basal core facies. 
The bulk of the pillow volcano, the main facies, has some- 
what smaller lava tubes. The discontinuous top facies is made 
up of isolated minipillows and slope debris. The latter was 
often oxidized by seafloor weathering. 
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Figure 8: Representative cross-section of the Akaki 
River section showing distribution of volcanic units 
and relative positions of CY-1 and CY-IA. (After 
Schmincke and Bednarz, 1990). 

Sheet flow volcanoes contain ponded flows that may extend 
upwards in tubular protrusions. More extensive sheet flows 
with well developed colonnades (Figure 7B) grade marginally 
into pillows and breccias. The sheet flows are thought to have 
formed at high eruptive rates (Schmincke and Bednarz, 1990). 

Breccia volcanoes formed only from the most viscous mag- 
mas, and are therefore dominated by andesitic, dacitic, and 
rare rhyolitic compositions. As such they are found most com- 
monly in the lower part of the volcanic succession. Breccia 
flows form dome-like masses with irregular extrusive breccias 
in the vicinity of an eruptive vent (Figure 7C), and glassy 
sheet flows further away. 

Strike and dip of the volcanic rocks along the Akaki River 
canyon appear to be uniform at 90°/200N. Thirteen volcanic 
units have been recognized in the upper portion of the canyon 
in the region of the CY-1 and CY-1A boreholes (Figures 4, 
8 and Schmincke and Rautenschlein, 1987). These are des- 
ignated A to M and represent examples of both the upper 
depleted tholeiitic series with low in Ti contents (units A, B, 
C, D, F, and H), and the lower basalt-andesite-dacite-rhyolite 
series with relatively higher Ti concentrations (units E, G ,  I, J, 
K, L, and M) ( Robinson et al., 1983). The thickness of each 
volcanic units varies between 50 and 400 metres and aver- 
ages 120m (Schmincke and Bednarz, 1990). Units consist of 
volcanic rocks with similar characteristics, i.e. dominantly pil- 
lows or sheet flows etc., and boundaries are drawn where one 
major lithological type changes abruptly. However, within 
one unit the lithologies may grade into one another, indicat- 
ing gradual changes in eruptive conditions. 

Figure 7: (A) Massive pillow lavas in the core facies Unit A1 consists of grey, low-Ti, olivine-phyric pillow 

of a pillow volcano. (B) Basal colonnade of sheet flow. lavas with calcite and manganese-oxide veining. Unit A2 

(C) Glassy breccia unit of near-vent facies of a breccia is a primary extrusive breccia. Unit A3 consists of pillow 
volcano. All photographs from Akaki River canyon. lavas which show concentrations of cumulate olivine crystals 

in the lower third of each pillow. Much of the olivine is 
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replaced by Fe-hydroxide-stained calcite. Unit A4 is made 
up of large lava tubes with interpillow breccia folmed from 
altered pillow rinds. 

Unit B is characterized by a series of pillowed, low-Ti 
basalts with sparse green clinopyroxene phenocrysts; These 
are underlain by megapillows that are thought to be the feed- 
ers to this unit. 

Sheet flows dominate Unit C. The sheet flows have a basal 
colonnade overlain by massive coarse-grained basalt, becom- 
ing progressively more vesicular upward, and a top zone of 
glass-rich breccia. 

Units D and F are composed of pillows, large tubes, and 
dykes, and Unit H is made up of large irregularly shaped 
bodies, pillow lavas, dykes, sills, and large tubes. These three 
units are found interleaved with units that have the chemical 
characteristics of the Lower Lava Series. 

Unit E (the highest unit cored in CY-1A) consists of pillow 
lavas and sheet flows. Unit G is an unusually light-coloured 
flow consisting of vesicular spatter-like wispy clasts tightly 
welded together. 

Units I and K comprise sheet flows, extrusive breccia and 
hyaloclastites, dykes and sills, and locally large tubes. Unit J 
is similar but lacks the breccias and hyaloclastites. Units L 
and M are pillow lava units with local hyaloclastites, dykes, 
and sills. 

The apparent interbedding of lavas of high-Ti and low-Ti 
affinity is probably the result of normal faulting which has 
down dropped a number of blocks of the Upper Lava Series 
higher in the canyon (Figure 7). 

Schmincke and Bednarz (1990) estimate that the total ex- 
trusive crust above the Sheeted Dyke Complex on the north- 
eastern flank of Troodos is made up of between five and ten 
individual volcanoes. There is very little interstratified sed- 
iment and therefore time gaps between the construction of 
the individual volcanoes appear to have been relatively short. 
Normal faults suggest that the volcanism was accompanied 
by crustal extension and subsidence. The general volcanic 
and structural evolution was marked by a series of volcano- 
tectonic-hydrothermal cycles, where non-volcanic extension 
markedly increased the permeability of the upper crust lead- 
ing to enhanced circulation of seawater (Figure 9). 

(b) Chemistry of the lava series 

Early workers divided the extrusive section of the Troodos 
ophiolite into two units, the Upper Pillow Lavas and the 
Lower Pillow Lavas, locally separated by an angular uncon- 
formity and by thin layers of ochreous sediment or haematitic 
shales (Wilson and Ingham, 1959; Carr and Bear, 1960; Bear, 
1960; see Figure 10). After studying the alteration and meta- 
morphism of the lavas, Gass and Smewing (1973) and Smew- 
ing et al. (1975) modified this early subdivision and defined 
axis and off-axis sequences. The boundary between the two 
sequences was based upon a relative lack of secondary min- 
eral ization in the younger off-axis sequence. 

VOLCANO - TECTONIC - HYDROTHERMAL CYCLE 

Figure 9: A schematic volcano-tectonic-hydrothermal 
cycle as represented by extrusive rocks of the Akaki 
River canyon section. (After Schmincke and Bednarz, 
1990). Initial volcanic extension is followed by ex- 
tensive hydrothermal activity and subsequent extrusion 
and building of the volcanic edifice. 

Studies by Robinson et al. (1983), Gillis (1987), and Gillis 
and Robinson (1985) suggest that this interpretation is incom- 
plete and based on erroneous data. The volcanic sequence, 
as exemplified by the outcrops in the Akaki canyon, has not 
been pervasively metamorphosed but contains widespread oc- 
currences of fresh volcanic glass. The glass persists down to 
the top of the sheeted dykes, and the distribution of zeolites 
and other secondary minerals such as celadonite is not strati- 
graphically controlled but reflects variations in permeability, 
lithology (e.g. pillowed vs. massive sheet flows), and proxim- 
ity to intrusions (Gillis and Robinson, 1985). Glass composi- 
tions allow the division of the volcanic pile into two distinct 
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Figure 10: Metamorphic mineral zonation, strati- 
graphic and geochemical subdivision of the Troodos 
extrusives (After Gillis and Robinson, 1985). 

magmatic suites, a lower basalt-andesite-dacite-rliyodacite as- 
semblage with high-Ti contents, and an upper picrite-basalt- 
basaltic andesite assemblage with much lower Ti concen- 
trations. These upper flows are highly depleted rocks with 
boninitic affinities (Robinson et al., 1983). Only rarely do 
the previously defined stratigraphic units correspond to these 
lava suites. The picrite-basalt basaltic andesite assemblage 
includes not only the olivine-phyric Upper Pillow Lavas of 
previous workers but a significant section of aphyric lavas 
previously included in the Lower Pillow Lavas (Figure 10). 
Thus this major geochemical boundary in the Akaki River 
canyon is some distance lower in the section than the classic 
Upper 1 Lower lava boundary. 

Within the more depleted suite, the predominance of picritic 
lavas in the upper part of the section suggests that they were 
derived from the lower parts of fractionated magma cham- 
bers, whereas the underlying aphyric basalts and basaltic an- 
desites were presumably drawn from higher levels (Malpas 
and Langdon, 1984). 

Although at times indistinguishable in the field, the two as- 
semblages have clear mineralogical differences. The basalt- 
andesite-dacite-rhyolite assemblage contains rare silicic dif- 
ferentiates, is fine grained throughout, and is aphyric to 
very sparsely phyric with microphenocrysts of plagioclase, 
clinopyroxene, orthopyroxene, and iron-titanium oxides. The 
overlying high-MgO high-SiOz low-Ti suite consists of dark 
grey to greenish-grey, fine-grained, aphyric to highly olivine- 
phyric basalts. Porphyritic olivine is commonly accompanied 
by smaller amounts of clinopyroxene and spinel. In the most 
magnesian rocks orthopyroxene is also common. The ground- 
mass contains abundant microlites of clinopyroxene, accom- 
panied by plagioclase laths and some iron-titanium oxides. 

The Basal Complex and Sheeted Dykes 
The extrusive section of the Troodos ophiolite grades down- 
wards into the Sheeted Complex through a zone of inter- 
mixed diabase dykes and pillow screens known as the Basal 
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Figure 11: Structural domains of the Troodos ophiolite 
inferred from orientation of dykes within the Sheeted 
Complex. 

Group. This zone is several hundred metres thick in the Akaki 
River canyon, but the transition from lavas to dykes is par- 
ticularly rapid over a 100m-thick vertical interval where the 
proportion of dykes increases from 50% to 95%. Above this 
level the dykes that are present are irregular in strike and dip. 

Numerous dykes and the uncertain eruptive morphology of 
the irregularly shaped breccia volcanoes of the more differ- 
entiated basalt-andesite-dacite-rhyolite series make volcanic 
units difficult to define in the Basal Group. Faulting and al- 
teration are more pervasive in this zone, adding further com- 
plications. 

The Sheeted Complex ranges from about 1 to 1.2 km thick 
beneath the Basal Group. It forms a concentric belt around 
the plutonic core, and throughout most of its thickness, dykes 
intrude dykes in a classic sheeted fashion. Individual dykes 
within the Sheeted Complex range from a few centimetres to 
approximately 5 m-wide but most are less than 2 m. They con- 
sist of fine- to medium-grained, generally aphyric basalt and 
andesite with small amounts of olivine- and pyroxene-phyric 
basalt. Many dykes are hydrothermal1 y altered to greenschist 
assemblages but the original igneous textures are preserved 
and one-sided chilling is commonly observed. 

Verosub and Moores (1981) have identified structural do- 
mains within the Sheeted Complex in which the dykes have 
similar attitudes (Figure 11). They have postulated that these 
domains are bounded by listric normal faults that developed 
during crustal construction. Such deformation conternpora- 
neous with volcanism is also suggested by the truncation of 
early sets of dykes by one or more later sets. 

COMPARISON WITH OCEAN CRUST 

The Troodos ophiolite readily allows study of ocean-crust 
forming processes. A realistic comparison must, however, 
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recognize the physical and chemical differences between the 
Troodos lavas and typical tholeiitic MORB. High vesicular- 
ity suggests that Troodos magmas had a much higher pri- 
mary volatile content than MORB magmas (Rautenschlein, 
1987). This is not surprising as the suprasubduction zone 
Troodos magmas are  thought to have been generated by par- 
tial melting under hydrous conditions. The high primary 
volatile (mainly water) contents of  the magmas probably in- 
fluenced their extrusive behaviour, reduced tile density of the 
crust with increased vesicularity, and increased the propor- 
tion of  glassy lavas (Schmincke and Bednarz, 1990). The  
higher volatile content may also have offset increased viscos- 
ity resulting from the more siliceous nature of the Troodos 
lavas. However, the abundance of these more siliceous dif- 
ferentiated magmas, particularly in the lower lavas, suggests 
longer magma chamber residence times and thus more ef- 
ficient fractionation processes. This may indicate relatively 
slow spreading o f  the Troodos ocean basin. Unforrunately 
there are many factors, including the compositional nature of 
the primary melts, that make this argument tenuous. Nev- 
ertheless, the Troodos crust likely formed in a small ocean 
basin above a subduction zone and integrated spreading rates 
were probably small. 
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Abstract 

The Cyprus Crustal Study Project drillholes CY-I and CY-IA sampled a continuous section through the 
extrusive sequence of the Troodos ophiolite. Four alteration zones are recognized: (1) 'I'he Seafloor Weathering 
Zone (SWZ, 0-275 m depth) is characterized by pervasive alteration, intense oxidation, temperatures <50°C, 
high waterlrock ratios, and Fe-hydroxides, smectite, K-feldspar, calcite, and palygolskite. Rocks are enriched 
in K20, Rb, Ba, Sr, and C02 and depleted in Si02 and Na20; (2) The Low-Temperature Zone (LTZ, 275- 
675 m depth) is characterized by large variations in the pervasiveness of alteration, temperatures 5 100°C, high 
to moderate water/rock ratios, and smectite, celadonite, Na-Ca zeolites, and calcite. Rocks are enriched in N20, 
K20, Rb, and Ba and depleted in Si02 and Sr; (3) The Transition Zone (TZ, 675-750 m depth) is characterized 
by temperatures 2100 - 5200°C, moderate to low waterlrock ratios, and mixed-layer smectitelchlorite, 
laumontite, quartz, and pyrite; (4) The Upper Dyke Zone (UDZ, 750-1 176 m depth) is cl~aracterized by complete 
recrystallization of the groundmass, temperatures >200°C, low watertrock ratios, and chlorite, quartz, pyrite, 
albite, and epidote. Rocks are enriched in Na20, MnO, Cu, and Zn and depleted in CaO, K20, Rb, and Sr. 

Four stages of alteration are proposed. Stages 1 through 3 were continuous from crustal accretion to >20 Ma; 
Stage 4, restricted to the SWZ and upper tens of meters of the LTZ, is related to a later seawater circulation 
event. The sharp boundary between the low- and high-temperature zones implies that the thermal gradient i n  
the Troodos oceanic crust was stepped during the early stages of alteration. 

Les trous de forage CY-1 et CY-1A du projet d'6tude de la crofite chypriote prtsentent un Cchantillon d'une 
section continue ?I travers la section extrusive de I'ophiolite de Troodos. On y observe quatre zones d'alteration : 
(1)  La zone d'altkration ddsagregee de la couche oceanique (de 0-275 n~ de profondeur) est caractCrisCe par 
une profonde alteration, une intense oxidation, des temperatures <50°C, des rapports ClevCs eau/roches, et des 
hydroxides de fer, de la smectite, du feldspaths potassiques, de la calcite et du palygorskite. Les roches sont 
enrichies en K20, Rb, Ba, Sr et C02 et pauvres en Si02 et Na20. (2) La zone de basse temperature (275-675 m 
de profondeur) est caractCrisCe par une trks grande diversite de la zone d'alteration, des temperatures 5 10O0C, 
des rapports eaulroche allant de hautes A modkres, de la smectite, de la celadonite, des zkolites Na-Ca et de 
la calcite. Les roches sont riches en N20, K20, Rb et Ba et pauvres en SiOz et Sr. (3) La zone de transition 
(675-750m de profondeur) est caractCrisCe par des temperatures 2100 - 5200°C, des rapports eaulroche 
allant de modCrCes 21 basse, et des couches alternees de smectite/chlorite, de laumonite, de quartz et de pyrite. 
(4) La zone superieure du dyke (750-1 176m de profondeur) est caractkride par une recrystalisation complkte 
de la matrice, des temperatures >200°C, de faible rapports eaulroche, du chlorite, du quartz, du pyrite, de 
l'albite et de ]'&pidote. Les roches sont riches en Na20, MnO, en cuivre et en zinc, et pauvre en CaO, K20, 
Rb et Sr. 

On propose quatre Ctapes d7altCration. Les Ctapes 1 il 3 Ctaient continues allant de 1'accrCtion crustale h 
20m. a; 1'Ctape 4, IimitCe h la zone d'alteration oceanique et aux dix mbtres sup6rieurs de la zone de basse 
temperature, est relike 2I un phenomkne tardif de la circulation de I'eau de mer. La separation trks abrupte entre 
les zones de basse et haute temperatures implique que le gradient thesmale de la croGte ocea~iique de Troodos 
s'est accrue tr&s t6t au cours de 1'Ctape d'alteration. 
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INTRODUCTION 

One of the primary objectives of the Cyprus Crustal Study 
Project was to investigate the evolution of hydrothermal sys- 
tems within the Troodos ophiolite. Prior to the on-set of 
drilling in 1982, studies of hydrothermal recharge zones 
(e.g., Gass and Smewing, 1973; Smewing, 1975; Spooner 
et al., 1977) led to the development of supposedly regional 
metamorphic zones whose grade and intensity of alteration 
were believed to increase with depth. Recent investigations 
of the extrusive sequence (Gillis, 1987) and the sheeted dyke 
complex (Baragar et al., 1987; Richardson et al., 1987; Schiff- 
mall et al., 1987) demonstrate that such metamorphic zones 
are not appropriate to describe alteration in Troodos or in sill1 

oceanic crust (Alt et al., 1986). 
The CY-l/lA drill cores sampled a continuous section 

through the extrusive sequence, from the lava/sediment 
boundary to the transition into the sheeted dyke complex. The 
alteration profile of these cores, which records the transition 
from a low- to high-temperature environment, has proved to 
be an excellent reference section for field studies (Gillis, 1987) 
and drilled sections of in situ oceanic crust (Gillis and Robin- 
son, 1988). This paper describes the mineralogical and geo- 
chemical characteristics of four alteration zones recognized 
in these drill cores. A sequence of four alteration stages is 
proposed which reflect progressive changes in physical and 
chemical conditions in the Troodos ocean crust. 

HOLES CY-1 AND CY-1A 

The CY-1 and CY-IA drill cores represent a continuous strati- 
graphic section through the extrusive sequence and the tran- 
sition into the sheeted dyke complex, allowing for 50-75 m 
of overlap. CY-I was spudded in at the lava-sediment inter- 
face 1.5 km northwest of Malounda and penetrated the upper 
475 m of the section. Thirty lithologic units, which vary in 
thickness from 5 to 50m, have been defined (Robinson and 
Gibson, 1990). Pillowed lavas comprise 42%, massive and 
thin flows 32%, pillow fragment breccias 12%, and intrusions 
2% of the recovered cores. A few dykes, 5-20cm wide, in- 
trude the section below 350 m and a 1.4 m fault breccia cuts 
the section at 438.0 m. Reddish-green, olivine- to sparsely 
olivine-phyric and picritic pillows and breccias in the upper 
250m of the section grade downward into greenish-grey to 

depth and interfinger with aphyric to sparsely plagioclase- and 
clinopyroxene-phyric flows and glassy breccias. 

The rock types and their distribution in the CY-1 and 
CY-IA drill cores are similar to the equivalent stratigraphic 
section exposed along the Akaki River. The thiekness of 
the recovered section is thinner than the field exposures 
(Schmincke et al., 1983) but is comparable to other studied 
sections along the northern flank of the ophiolite (Mehegan, 
1988). In the remainder of this paper, CY- 1 and CY- I A are 
considered a continuous depth profile with no stratigraphic 
overlap. 

ALTERATION ZONES 

Four alteration zones are recognized in the CY-I/lA drill 
cores and field exposures throughout the northern flank of the 
ophiolite on the basis of secondary mineral assemblages (Ta- 
ble 1; Figure 1) and field appearance: a Seafloor Weathering 
Zone (SWZ), a Low-Temperature Zone (LTZ), a Transition 
Zone (TZ), and an Upper Dyke Zone (UDZ). A fifth, Min- 
eralized Zone (MZ), which includes massive sulfide deposits, 
mineralized stockwork zones, and smaller zones of mineral- 
ization, is located throughout the extrusive sequence (e.g., the 
zone of mineralization in CY-2A, see Robinson et al., 1987). 

- .  

grey, aphyric to sparsely olivine-phyric pillows and flows. 
CY-IA, drilled due west of Malounda, penetrated 702m. Figure 1: Distribution of secondary minerals in the 

CY-I/IA drill cores. Stratigraphic column on the left 
Thirty lithologic units have been defined that are dominated shows the major lithologic units: small dots represent 
either by pillows, glassy and crystalline flows, massive flows, pillows; horizontal lines represent massive and sheet 
or dykes (Home and Robinson, 1986). Pillows comprise flows; vertical lines represent dykes; open triangles 
7.2%, massive and sheet flows 45.5%, undifferentiated flows re~resent breccias and hvaloclastites. Alteration zones 

S wz 

L TZ 

TZ 

UDZ 

and dykes 6.6%, dykes 34.2%, and hyaloclastites 5.0% of the are outlined on the left. Solid vertical lines indicate 
recovered core. Greyish-green, aphyric to sparsely olivine- that the phase is found throughout the unit; dashed 
and clinopyroxene-phyric pillows and flows comprise the up- lines indicate that the phase is locally present. 
per 200m. Aphyric dykes increase in abundance below this 
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Zone" Primary ~ninerals Groondniass Glassy Margins void-lilling+ Clie~iiicnl chn~igcs++ 

Oliv - goet + calc (T) Cpx - slnec (S) Smec f pllil (T) I .  S~nec + Fe hytlro +KzO. CO1. Rb. Bn. 
SWZ Cpx -+ slnec (F-M) Plag -+ smec (S-M) 2. Anal, adulnria Fc~OJ /(FcO+Fc20z). SI- 

Spinel (F) Plng - K-spar (T) 3. Cnlc -SiO? 
Timag - ~naglle~n (S-M) 4. Pnly 
Mesos - smec. calc (M-T) 

- - - - -  - 

Oliv - goet + calc (T) Cpx - slnec (S) I .  S~nec f pliil I .  S~nec + celad +K?O. NnzO. Rb. Bil 

Cpx + slnec (F-S) Plag 4 smcc, celatl, f nnnl 2. Na-Ca zeolilcs, -Ci10. SiO? 
LTZ Plag + smec, celad, calc (F-M) calc (F-M) 2. Smec f celad qtz. chal 

Spinel (F) Tiinag - ~nagliem (S-M) f cline 3. Calc 
Ti~nag (F) Mesos - smec, celad, 4. Paly 

calc (M-T) 

Cpx - smec, smec/chl (S-M) Cpx - smec, s~nec/chl S~nec f s~nec/clil I .  S~nec f smec/clil +NarO. KzO. Bn. 
TZ Plag - albite (M-T) (S-M) f Inr~m f qtz * pyr (MnO. ZI~ .  Cu) 

Timag (F) Plag - smec, s~nec/clil 2. Lnu~n + qtz + pyr -CilO. Rb 
(S-M) 3. Cnlc 

Plag - albilc (M-T) 
Timag (F) 
Mesos - smec, smec/chl 

qlz (M-T) 

Cpx - chl (S-M) Cpx - chl (S-M) Chl f qtz f pyr I .  ChI f epi f qtz +NazO. (MnO. Cu. Zn) 
Plag - albite (T) Plag - albite (T) f epi f PYr -CaO. KZO. Sr. Ra. 

UDZ Plag - epi, chl (M-T) Plag - cpi + clil (M-T) 2. Qtz f ~ y r  
Timaq - splicne (S-M) 3. G1lc 
Mesos 4 chl. qtz. epi, 

PY' (T) 

Plag + i l l  + qtz (T) Mesos - clll + qtz + Chl + tltz + pyr I .  jasper + pyr 
MZ' Timag -- sphene (T) pyr + sphene (T) + qtz 

2. pyr f chal 
f pyrrh 

Table 1: Characteristics of the alteration zones. Note: F = fresh; S = slightly altercd; M = tnoderatcly altcwd; 
T = totally altered; oliv = olivine; cpx = clinopyroxene; plag = plagioclase; Timag = titanomagtictitc; mesos = 
mesostasis; smec = smectite; celad = celadonitc; chl = chlorite; s~nec/cIil = mixed-layer stncclite/clilorite; paly = 
palygorskite; Fe hydro = Fe hydroxides; goet = goethite; maghem = mnghemilc; cnlc = calcilc; anal = analcimc; 
phi1 = phillipsite; clitio = clinoptilolite; laum = lau~nontite; epi = epidote; chal = chalcedony; qtz = cluerlz; pyr 
= pyrite; chalco = chalcopyrite; pyrrh = pyrrholite; ill = illitc; K-spar = potassium feldspar. '!' SWZ = seafloor 
weathering zone; LTZ = low tempcrature zone; TZ = transitioti zonc; UDZ = upper dike zone; MZ = mincralizcd 
zone. + Numbers indicate order of depositio~i, Trom oldest lo youngest. ' Summnrizcd Trom Constanliilou and 
Govctte (1973) and Lydo~i (1984). These characteristics ge~icrally dcscribc the zonc of mosl intcnsc nltcrntion :und 

++ mineralization in the MZ; for details of spccific deposits see original refere~lces. Calculated by comparing 
altered whole rock composition to unallcrcd equivalent (Gillis, 1987). 
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The Seafloor Weathering Zone is characterized by its red- 
dish 'oxidized' halos along fractures and pillow margins, per- 
vasive alteration, and an abundance of interpillow sediment. It 
extends downward from the lava-sediment boundary to 275 m 
depth in CY-I. 

Thick glassy pillow margins and interpillow hyaloclastites 
are pervasively altered. Round to irregular palagonitized glass 
spalls, elongate parallel to the pillow margins, generally con- 
tain spherical granules of phillipsite, and perlitic cracks are 
filled with phillipsite. These spalls are enclosed within a green 
smectite - Fe hydroxide - phillipsite - analcime - calcite - pa- 
lygorskite matrix. Yellowish-brown pillow margins, which 
owe their colour to the concentration of Fe-hydroxides, grade 
into greyish-green to greenish-grey pillow interiors. 

Original groundmass textures are commonly preserved but 
may be obscured by the reddish-brown, fibrous to amorphous 
smectite which replaces the mesostatis; local concentrations 
of this clay mineral within segregation vesicles give the rocks 
a spotty appearance. 

Several episodes of secondary mineral deposition are recog- 
nized from cross-cutting relations and depositional sequences 
within filled voids. The following generalizations may be 
made: 

1. Smectite, mixed with Fe-hydroxides, lines vesicles, vugs, 
cricks, and fractures, and was the earliest phase to form 
(Figure 2A); 

2. Where present, zeolites and adularia line voids and 
project inward toward open cavities; 

3. Calcite was deposited in re-opened or cross-cutting veins 
(Figure 2A). Successive layers of euhedral crystals, man- 
tled by a light dusting of smectite, indicate several stages 
of growth; 

4. Composite veins of buff to white palygorskite and cal- 
cite, commonly with thin zeolite-rich zones, cut across 
and re-open the earlier veins (Figure 2B). 

The Low~Temperature Zone extends from 275 to 675 m 
depth in the boreholes (Figure 1). It is characterized by signif- 
icant variations in alteration intensity between, and within, in- 
dividual lithologic units, distinctive assemblages of secondary 
minerals for pillows and flows, and the random preservation 
of fresh volcanic glass. 

Greyish-green to greenish-brown pillows and breccias gen- 
erally lack the pronounced colour zonation seen in the SWZ. 
Chilled margins are pale-green where pillows are highly al- 
tered and are dark green to black where pillows are relatively 
fresh. Glass is variably altered to smectite f phillipsite 5 
analcime. Interpillow sediment, hyaloclastite, or breccia fill 
the pillow interstices. 

The degree of alteration within the massive and sheet flows 
is quite variable. Most flows are relatively fresh with minor 
suficial celadonite and/or hematite staining. Zones of intense 
alteration locally occur along flow margins and to a lesser 

tZ] CALC. [ID CELAD.+SMEC. QTZ. 

SMEC. LAUM €PI. 
FE HYDRO. PYR. WHOLE ROCK 

PALY.+CALC. SMEC./CHL. GLASSY MARG. 

CELAD.+SMEC. + CLINO. 

Figure 2: Precipitation sequences in each of the alter- 
ation zones. A. (SWZ) Calcite stringers with inclusions 
of basalt fragments cross-cut a chilled pillow margin. 
An oxidized halo rims the outer margin of the sample 
(sample CY I : 58.50 m). B. (SWZ) Late-stage paly- 
gorskite + calcite vein cross-cuts a heterolitic breccia 
in a calcite matrix (sample CY I : 25.95 m). C. (LTZ) 
Upper flow margin altered to celadonite + smectite 
+ clinoptilolite. Glassy margin is partially palagoni- 
tized (sample CY 1 A : 45.80 m). D. (LTZ) Calcite, with 
minor analcime, f i l l  re-opened smectite-filled fracture 
(sample CY I : 256.20 m). E. (TZ) Laumontite filled 
vug is lined with mixed layer smectite/chlorite and 
pyrite (CY IA : 300.45 m). F. (UDZ) Chlorite-lined vug 
is coated with quartz and partially filled with epidote 
(CY 1 A : 432.72 m). Glassy Marg. = glassy margin; 
other abbreviations are given in Table 1. 
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extent along joint surfaces. These zones consist of celadonite 
mixed with smectite, clinoptilolite, mordenite, and calcite and 
may contain massive jasper nodules. 

Joint surfaces of flows, lined with mixtures of celadonite 
and smectite, are thinly coated with platy-brown sepiolite, 
calcite rhombs, bluish-white opal, or pyrite. Hematite locally 
stains fracture surfaces and penetrates inward along flow mar- 
gins which liave not been 'celadonitized.' Concentric clay and 
Fe-hydroxide-rich rings, 2-3 mm wide and spaced 5-20 mm 
apart, are generally parallel to the outer 3-10cm of columnar 
joints. Alteration of the groundmass is more pervasive within 
these rings than in other parts of the flow. 

Discontinuous stringers of smectite and celadonite, with or 
without zeolite or calcite, form within individual flow units. 
In some cases these stringers appear to replace aphanitic or 
glassy patches within the crystalline portion, whereas in others 
they fill cracks. Stringers rarely have alteration halos in the 
adjacent groundmass. 

Primary igneous textures are preserved within all cooling 
units and pale brown to yellowish-green smectite replaces the 
mesostasis. Celadonite and quartz are also part of the ground- 
mass alteration assemblage in flow units. Alteration within 
segregation vesicles is similar to that in the SWZ. Miarolitic 
voids, most common in thick flow units, are variably filled 
with clay minerals. 

The diversity and discontinuous nature of the vein systems 
reflect the heterogeneous style of alteration characteristic of 
the LTZ. Despite this heterogeneity, some generalizations may 
be made: 

I. In all cooling units, smectite f Fe-hydroxides is the first 
phase to form, lining cracks, fractures, vesicles, and vugs 
(Figure 2D); 

2. Assemblages of analcime, phillipsite, gmelinite, natro- 
lite, and chabazite fill vesicles and fractures in pillowed 
units. Where analcime and phillipsite occur together, 
phillipsite is the earliest phase to form; 

3. Assemblages of celadonite, smectite, clinoptilolite, mor- 
denite, and silica replace glassy zones and fill frac- 
tures and cracks in massive and sheet flows (Fig- 
ure 2C). Where clinoptilolite and mordenite occur to- 
gether, clinoptilolite is generally the first phase to form; 

4. Calcite fills re-opened or cross-cutting veins (Figure 2D). 
Successive layers of euhedral crystals, mantled by a liglil 
dusting of clay, indicate several stages of growth. 

5. Palygorskite + calcite f zeolite veins and stringers of 
gypsum re-open pre-existing veins arid f i l l  clay-lined 
fractures. Gypsum is restricted to the LTZ. 

The Transition Zone has characteristics of both the over- 
lying LTZ and the underlying UDZ. Its upper boundary, at 
675 m, is marked by the appearance of laumontite; its lower 

boundary at 750m, is marked by tlie dominance of chlorite- 
quartz-pyrite in the groundmass and the appearance of epi- 
dote. In CY-IA, it is also marked by the disappearance of 
laumontite. In field exposures, however, laumontite com- 
monly overprints epidote in the UDZ (Gillis, 1987). 

Light to dark green pillow and flow margins and glassy 
brecciated zones are variably altered to smectite, mixed-layer 
smectite-chlorite, laumontite, and quartz. Clinoptilolite, mor- 
denite, and celadonite with smectite locally replace glassy 
zones in the upper few tens of meters. 

Ovoid, clay-lined vugs are either open or partially to totally 
filled with assemblages of quartz, laumontite, calcite, pyrite, 
and clay minerals (Figure 2E). Prismatic quartz radiates in- 
ward from tlie vug walls; Iaumontite fills tlie interstices. 
Where present, calcite is the latest phase to form and locally 
appears to replace laumontite. Vesicles are locally filled with 
mixtures of gmelinite, chabazite, and calcite. 

Smectite, mixed-layer smectite-chlorite, or rarely, chlorite 
line fractures and cracks which are locally filled with assem- 
blages of pyrite, laumontite, calcite, analcime, and quartz. 
Light grey, 1-2 mm-thick-halos, rich in quartz and very fine- 
grained pyrite, commonly rim narrow pyrite + quartz + chlo- 
rite stringers. Analcime is restricted to the upper half of the 
zone. 

The Upper Dyke Zone extends from 750m to the base of 
the CY-IA drill core where dykes and massive units are the 
dominant lithologies. The mesostasis of these rocks is com- 
pletely recrystallized to chlorite + quartz f pyrite f epidote. 
Where present, pyrite is disseminated throughout the ground- 
mass. Epidote is generally concentrated in irregular patches 
which do not appear to be fracture- or crack-controlled. Dis- 
tinctive, irregular, mauve to light-green zonation reflects the 
relative proportions of quartz and chlorite, respectively, in the 
groundmass. 

Flow and dyke margins are completely altered to chlorite, 
quartz and epidote assemblages; no fresh glass is preserved. 
The initial brecciated textures in flow tops are generally pre- 
served although the fragments are completely recrystallized. 
Discontinuous, angular, jasper-rich zones appear to overprint 
earlier quartz + chlorite + epidote assemblages. 

Epidosites which contain dominantly epidote with minor 
quartz, clilorite, magnetite, and jasper are erratically dis- 
tributed. These irregular zones range from crns to tens of 
crns in size and appear to fill voids and replace the surround- 
ing groundmass. 

Igneous textures are generally preserved although in areas 
of most intense alteration, as in the epidosites, they are oblit- 
erated. Textures in segregation vesicles are obscured because 
the groundmass is completely altered to very fine-grained epi- 
dote, quartz, and chlorite. Chlorite-lined vesicles and vugs are 
rimmed with quartz and filled with assemblages of epidote, 
pyrite, calcite, chlorite, and prehnite (Figure 2F). 
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Veins are much less abundant than in the overlying zones. 
Fractures and cracks are lined with mixtures of chlorite, al- 
bite, quartz, and pyrite and are locally coated with Fe-stained 
calcite. Narrow pyrite and quartz stringers are rimmed by 
light-green, chlorite-rich halos whereas randomly distributed 
veins of pyrite, 10-15 mm wide, lack halos. 

SECONDARY MINERALS 

Methods of Identification 

The secondary minerals were identified, either as single 
phases or as assemblages of phases, using a Phillips X-ray 
diffractometer with Cu K a  radiation. Clay minerals were gen- 
tly crushed in water in an agate mortar, pipetted onto a frosted 
glass slide, and air-dried. These oriented smear mounts were 
scanned from 3-30° 28 at a scanning speed of l o  28 per 
minute, treated with ethylene glycol at 60°C for 36 to 48 
hours, and re-scanned under the same conditions. Selected 
samples were heated at 500°C for two hours, slowly cooled, 
and rescanned. Smear mounts of the remaining secondary 
minerals were scanned from 3-45', Quartz was periodically 
added to samples for internal calibration. 

Mineral analyses were obtained using a fully automated 
JEOL JXA-5OA wavelength dispersive microprobe at Memo- 
rial University of Newfoundland, a JEOL 733 microprobe 
at Dalhousie University, and a MARKV Cambridge EDS 
micro-probe at Dalhousie University. The operating condi- 
tions were: (1) JEOL JXA-5OA: 22na, 20kv accelerating 
voltage, I 0  sec. counting time; (2) JEOL 733: 15 kv, 5 na, 
IOsec.; (3) Cambridge: 15 kv, 5na. 100sec. To minimize 
loss due to volatilization in the hydrous phases, Na, Ca, and 
K were analyzed first and counted for 10 seconds on the 
wavelength dispersive systems. 

Due to the high volatile content of most seconda~y phases 
and the heterogeneity of most clay minerals, the quality of the 
data is difficult to access. Structural formulas were calculated 
for all analyses; if these were stoichiometric the analyses were 
deemed good. 

Structural formulas for saponite, celadonite, and mixed- 
layer smectite/chlorite were calculated assuming 22 (0,OH) 
following the method of Ross and Hendricks, (1945). Si and 
the necessary A1 were assigned to the tetrahedral site to total 
8.00. The excess AI, Mg, Fe, and Ti were assigned to the 
octahedral site. Ca, Na, and K were assigned to the inter- 
layer position. Structural formulas for chlorite were similarly 
calculated using 28 (0 ,  OH). 

Clay Minerals 

Smectite 

SiO? 
TiO? 
A1203 
FeOT 
MnO 
MgO 
CaO 
Na20 
K20 

Tolal 

A I ~ ~  
Fe 
M n  
Mg 
Ti 
Total 

87.88 85.65 83.14 93.96 91.28 78.49 

Cation Proportions on the basis of 22 (0,OH) 

Si 
AtiV 
Total 

Ca 
Na 
K 
Total 

6.43 6.94 6.55 7.49 6.90 
1.57 1.08 1.45 0.51 1.10 
8.00 8.00 8.00 8.00 8.00 

Table 2: Representative smectite analyses. - not 
detected; F ~ O ~  = Total Fe as FeO; (1) orange- 
brown saponite, groundmass (KG : 83 : 01 8); (2) 
orange-brown saponite, vein (KG : 82 : 022); (3) 
orange-brown, Fe-rich saponite, groundmass 
(KG : 83 : 176); (4) yellowish-green Al-saponite, vesi- 
cle (CY I : 72.75 m); (5) yellowish-green Al-saponite, 
groundmass (CY 1 : 75.25 m); (6) goethite-saponite mix 
(KG : 82 : 062). 

glycol (Brindley and Brown, 1980). Two types of smectite 
have been distinguisl~ed on the basis of calculated structural 
fo~mulas: saponite and Al-saponite. 

Saponite, a trioctahedral smectite, is characterized by a the- 
oretical octahedral occupancy of 6.0 (Ross and Hendsicks, 
1945). It is generally orange-brown to brown with 1st to 
2nd order birefringence. A plot of the molar proportions of 
A1203-Fe0-Mg0 shows that the saponites are generally Mg- 
rich with low AI2o3 contents (Figure 3A). Within individ- 
ual samples, FeO/(FeO+MgO) ranges from 0.2 to 0.8. The 
range of FeO/(FeO+MgO) narrows with increasing depth. 
The MnO content of saponite is generally <0.5 wt.% (Fig- 
ure 4; Table 2). 

Groundmass varieties are finely crystalline, fibrous, radiat- 
ing, or globular. Saponite that fills voids is usually fibrous to 
platy and radiates out from the wall of the cavity. 

Smectite is the most abundant secondary mineral, being char- The octahedral occupancy of Al-saponites ranges from 4 . 4 -  
acteristic of three of the five alteration zones. It is a 2: 1 5.3 indicating either that its structure is intermediate or that it 
layer silicate, identified by its broad basal peak at 1.6nm and is a mixture of dioctahedral and triocthedral smectite (Alt and 
the subsequent shift to 1.8nm upon treatment with ethylene Honnorez, 1984). Al-saponite is pale yellow to pale brown 
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MnO 

- saponite -- - celadonite 
.-. saponite-celadonite 

. . ... Al-saponite 

FeO MgO 

B. 

Figure 4: Variation in MnO content (wt.%) of the clay 
minerals with depth in the CY-IA drill core. Symbols: 
closed circles: saponite; open squares: celadonite; 
closed squares: celadonite-saponite; open triangles: 
mixed-layer smectite/chlo~.ite; closed triangles: chlo- 
rite. 

FeO MgO 

Figure 3: Molar AIz03-Fe0-Mg0 (AFM) propor- 
tions of clay minerals from the CY-1/1A drill cores. 
A. Saponite, Al-saponite, celadonite, and celadonite- 
saponite. B. Saponite, mixed-layer smectite/chlorite, 
and chlorite. 

with 1st order birefringence and has the same range in habit 
as saponite. 

Al-saponites are more aluminous and slightly more Fe-rich 
than saponite (Figure 3A; Table 2), suggesting that substi- 
tution of ~ 1 ~ '  for M ~ ~ +  in the octahedral site resulted in 
an intermediate structure (Alt and Honnorez, 1984). It is 
also possible that Al-saponite may be a mixture of beidellite, 

an Al-rich, dioctahedral smectite, with saponite. The com- 
positional continuity between saponite and Al-saponite (Fig- 
ure 3A) and the absence of pure beidellite, however, make 
the former explanation preferable. More detailed XRD stud- 
ies using non-oriented powdered mounts are required to dif- 
ferentiate between these possibilities. The FeO/(FeO+MgO) 
ratios of Al-saponites are variable within individual samples; 
there are no consistent compositional trends with depth. MnO 
contents are similar to saponite. 

Al-saponite is generally restricted to the upper 500 m of the 
studied section and is most abundant in the SWZ. 

Nontronite, a dioctahedral smectite, has been identified in 
the SWZ by X-ray analyses (Elsbree, 1985). Calculated struc- 
tural formulas from this study did not confirm its presence. 
However, low-K celadonite may in fact be nontronite. 
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SiOl 
TiOz 
A1203 
Fe203T 
MgO 
CaO 
Nn?O 
Kz O 

Toral 

S i 

Toral 

A],.' 

Fe 
M% 
Ti 
To~al 

Ca 
Na 
K 
Total 

Carion P~.opor~ions on [he basis of 22 (0,OH) 

Table 3: Rcpscsentative ccladonite alialyses. - not 
detected; F ~ O ~  = Total Fe as Fez02 (I)  celadonite, 
vcsiclc (CY I A  : 8.78 m); (2) celadonite-saponite, 
groundmass (CY l A  : 49.57 rn); (3) celadonite-saponite, 
vein (CY 1A : 52.32 m); (4) celadonite, ground~nass 
(KG : 82 : 165); (5) average and (6) range of 13 
ccladonites Tsom Buckley et al., (1978). 

Celadonite 

Celadonite, an Fe-rich dioctahedral mica, is commonly iden- 
tified by its distinctive bluish-green color. X-ray analyses of 
celadonite indicate that most samples are intimate mixtures 
of celadonite and smectite. The observed d-spacings of pure 
celadonites correspond closely to those of Wise and Eugster, 
( 1964). 

Representative analyses of celadonite are shown in Table 3. 
For comparison, the average and range in composition of 
celadonites from the study of Buckley et al., (1978) are 
shown. Octrahedral totals generally range from 4.0-5.6, in- 
dicating that they are not true dioctahedral clays. A mixture 
of celadonite with trioctahedral saponite would result in an 
octahedral total intermediate between dioctahedral and trioc- 
tahedral. Further support for this interpretation is the sys- 
tematic decrease in K20 content with increasing octahedral 
totals and thus saponite component (Figure 5). The propor- 
tions of celadonite and saponite may be quite variable within 
a single sample as seen in Figure 4 where the K20 and octa- 
hedral totals of sample KG: 83 : 127 vary from 9.63.4wt.% 
and 4.2-5.4, respectively. An increase in FeO and K20  
contents characterizes the transition from saponite through 

4.0 4.4 4 8 5.2 68 8a 

V I  totals 

Figure 5: Relationship between K20 contents (wt.%) 

and octahedral totals for celadoiiite and celadonite- 
saponite mixtures. Sa~nple KG : 83 : 127 (diamond 
symbol) illustrates the variation within a single sample. 

celadonite-saponite to celadonite. High octahedral totals re- 
ported for celadonites from DSDP Leg 37 were also attributed 
to saponite interlayering (Andrews, 1980). 

Petrographically identified celadonite has therefore been 
subdivided into two clay types: celadonite and celadonite- 
saponite, the latter type being a physical mixture, in vary- 
ing proportions, of saponite and celadonite. This should not 
be considered a strict subdivision, as the compositions and 
structures are continuous between the two endmember com- 
ponents. 

Chlorite and Mixed-layer Smectitel Chlorite 

Trioctaliedral chlorite has been identified by X-ray peaks at 
1.42 nm and .71 nm that do not shift after treatment with ethy- 
lene glycol (Brindley and Brown, 1980). Physical and struc- 
tural mixtures of smectite and chlorite have been identified 
by X-ray analyses and calculated structural folmulas. The 
proportion of these mixtures varies from smectite with minor 
chlorite to chlorite with minor smectite, although mixtures 
dominated with smectite are most common. Identification 
of these mixed-layer clays is based upon the common basal 
001 and 002 reflections at 1.4nm and .7 nm of smectite and 
chlorite, respectively. The 002 peak is most intense for chlo- 
rite; the 001 peak is most intense for smectite. Treatment 
with ethylene glycol further differentiates the two minerals 
because smectite is an expandable clay mineral and chlorite 
is not. The proportion of each clay mineral in the mixture is 
therefore estimated by comparing the 001 and 002 peak inten- 
sities and their shift toward larger d-spacings after treatment 
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15.98 13.13 
CaO 0.08 0.13 

K 2 0  0.01 0.05 

1 Total 1 87.45 87.94 86.06 86.14 89.87 81.30 1 
I I Cation Proponions I 

Total 

AI"' 
Fe 
Mg 
Mn 
Ca 
Na 
K 
Total 

0 

Table 4: Representative chlorite and mixed-layer 
smectite/chlorite analyses. - not detected; 
F ~ O ~  = Total Fe as FeO; ( 1 )  chlorite, ground- 
mass (CY 1 A : 266.60 m); (2) chlorite, ground- 
mass (CY I A : 464.00 m); (3) chlorite, groundmass 
(CY IA : 598.15 m); (4) smectite/chlorite, groulldmass 
(CY lA : 188.75 m); (5) smectite/chlorite, groundmass 
(CY 1A : 250.20); (6) smectite/chlorite, groundmass 
(CYIA: 141.52m). 

with ethylene glycol. Compositionally, the transition from 
saponite to chlorite is marked by a decrease in Si02 and an in- 
crease in A1203 (Bettison and Schiffman, 1988). On the basis 
of 22 (O,OH), the cation proportions of Si and Al in saponite 
range from 6.4 to 7.0 and 1.6 to 1.9, respectively and in chlo- 
rites from 4.4 to 4.9 and 3.2 and 3.4, respectively. Thus, 
clays with Si and Al proportions intermediate between smec- 
tite and chlorite are considered mixed-layer smectitelchlorite. 
This approach, however, does not indicate the abundance of 
the two end-member clays. 

The majority of chlorites are ferroan clinochlores although 
there are a few occurrences of magnesian chamosites (Bayliss, 
1975). Chlorites are slightly more Fe-rich than smec- 
titelchlorite mixtures (Figure 3B) and show a slight tendency 
toward increasing Fe content with increasing depth. Within 
individual samples of both clay types, there is very little vari- 
ation in FeOI (FeO+MgO). Chlorite contains up to 1.5 wt.% 
MnO (Table 4; Figure 4), with individual samples varying by 
up to 1 wt.%. MnO-rich chlorite occurs in the CY-2A drill 
core where alteration is equivalent to the UDZ (Herzig and 
Friedrich, 1987). The MnO contents of smectitelchlorite are 

0 grnelinlle 

C a * M g  chabazite 

A phillipsile 

+ clinoplilolite - heulandite 

A phillipsile 

+ clinoplilolite - heulandite 

A mordenite 

analcime 

0 laurnontite 

Na K 

Figure 6: Molar Na-K-Ca+Mg proportions of zeolites 
from the CY-I/IA drill cores, the Akaki River section, 
and the Pediaeos River section. 

intermediate between chlorite and saponite (Figure 4). The 
compositions of void-filling and groundmass-replacing phases 
are indistinguishable. 

In this section, chlorite is generally cryptocrystalline to fi- 
brous and pale-green. Most chlorites have anomalous blue 
interference colours although a few display 1st order bire- 
fringence. Groundmass-replacing smectitelchlorite is usu- 
ally indistinguishable from co-existing saponite or celadonite- 
saponite. Void-filling varieties, however, are commonly fi- 
brous to platy and pale-green to brownish-green with 1st to 
2nd order bifringence. 

Zeolites 

Several varieties of zeolites form as void-filling or, rarely, 
groundmass-replacing phases in the SWZ, LTZ, and TZ. They 
have been identified petrographically and on the basis of their 
XRD patterns. 

In the LTZ, clear, well-formed trapezohedral crystals of 
analcime, commonly accompanied by radiating aggregates 
of phillipsite, line fractures and vesicles and replace glassy 
pillow margins. Phillipsite is generally the earliest of these 
two phases to form. Radiating prisms of natrolite are com- 
monly associated with analcime and occur chiefly in vesicles 
and vugs. Hexagonal clusters of pinkish-orange gmelinite are 
finely mixed with assemblages of chabazite, phillipsite, and 
analcime. Analcime also forms as a single phase in the SWZ 
and in the lower portion of the LTZ; it is associated with 
laumontite in the TZ. 

Analcime is uniform in composition with only minor sub- 
stitution of Ca and K for Na whereas phillipsite is Na- and 
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K-rich with minor Ca (Figure 6; Table 5). Natrolite analy- 
ses are close to the ideal formula with minor substitution of 
Ca for Na (Figure 6). Gmelinite is Na-rich; chabazite is Ca- 
and Na-rich (Table 5). With the exception of natrolite, the Si 
content of all these phases is slightly higher than usual (Deer 
et a]., 1962; Bohlke et al., 1980). Low Na contents for many 
of the Na-rich zeolites may be due to volatilization of alkalis 
during microprobe analyses. 

Yellowish-green rosettes of tabular clinoptilolite line the 
edges of fractures and vesicles in massive and sheet flows 
and replace hyaloclastite-rich zones in the LTZ and in the 
upper part of the TZ. Clay inclusions are common and par- 
tial replacement by calcite is locally evident. Clinoptilo- 
lite was distinguished from heulandite by its larger molar 
Si/AI ratio (8.5-10 compared to 6) (Mumpton, 1960), higher 
(Na-tK) /Ca, and the constancy of the 020 peak upon heating 
(Boles, 1972) (Figure 6, Table 6). 

Fibrous mordenite is typically associated with cliniptilolite 
in vesicles and in glassy margins where it is the last of the 
two phases to form. Mixing with quartz, particularly in the 
TZ, resulted in higher Si contents for the mordenite than those 
reported in the literature (Deer et al., 1962). Samples from 
CY-1A are Na-rich whereas Ca is the dominant cation in the 
samples from the Akaki River section (Figure 6; Table 6). 

Pinkish-white prisms of laumontite primarily fill  voids and 
replace glassy margins. Laumontite is commonly associated 
with quartz, either intermixed or as the latest phase to form. 
XRD analyses indicate that many samples are actually leon- 
hardite, a partially dehydrated variety of laumontite (Coombs, 
1952). Laumontite compositions are close to the ideal for- 
mula, with minor substitution of Na and K for Ca (Figure 6; 
Table 6). 

Carbonates 

Calcite is common throughout the SWZ and is locally abun- 
dant in the other alteration zones. Generally the latest phase 
to be deposited in primary cavities, calcite also forms irregular 
patches in the groundmass and replaces phenocrysts. Several 
stages of growth are commonly indicated by successive lay- 
ers of euhedral crystals, some of which are mantled by clay 
minerals. 

Calcite is generally pure in composition with <1 mole% 
MgC03 (Table 7). Manganiferous calcite, containing up to 
3.5 wt.% MnO, is present throughout the drill core but is most 
common in the TZ and UDZ. Both manganiferous and pure 
calcites occur within the same veins and vesicles. 

Si02 
A1203 
FeoT 
MgO 
CaO 
N a 2 0  
K 2 0  

Total 

I I Cation Proportions I 

Table 5: Representative zeolite analyses. - not de- 
tected; FeoT = Total Fe as FeO; (1) analcime (KG: 
82 : 076); (2) analcime (CY I A : 138.0 m); (3) natro- 
lire (KG: 83 : 012); (4) phillipsite (CY 1 : 87.4m); (5) 
gmelinite (KG : 83 : 204); (6) chabazite (KG : 83 : 204). 

Si02 
A1203 
FeoT 
MgO 
CaO 
Na20  

Total - 85.62 83.41 88.71 86.74 83.09 87.62 84.48 

Cation Proportions 

1 Total 1 43.29 41.82 41.67 26.13 27.54 28.00 27.33 

Silica Table 6: Representative zeolite analyses. - not 

Secondary jasper, chalcedony, opal, and clear colourless detected; FeoT = Total Fe as Fe0;-(I) clinoptilo- 

quartz form chiefly in the voids of massive flows and dykes. lite (KG : 82 : 156); (2) clinoptilolite (CY 1A : 31.25 m); 
(3) clinoptilolite (KG : 83 : 085); (4) mordenite 

Jasper is commonly associated with celadonite in zones of in- (KG : 83 : 166); (5) mordenite (CY IA: 43.45 m); 
tense alteration within massive flows. Clear, colourless chal- (6) laumontite (CY 1A :241.4m); (7) laumontite 
cedony and quartz line or fill vesicles, vugs, and fractures, fCY l A : 266.6 mi 
particularly in the TZ and UDZ. White to bluish opal-C and 
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Table 7: Representative calcite analyses. - not 
detected; F ~ O ~  = Total Fe as FeO; ( I ) ,  (2) CYIA: 
145.30 m; (3) CY 1 : 72.75 m; (4) CY 1 : 104.70 m; 
(5) CYl : 197.80 m; (6) CY 1 : 256.21 m. 

FeoT 
MnO 
MgO 
CaO 

Total 

opal-CT (classification after Jones and Segnit, 1971) form 
very thin layers on fractures and cooling-joint surfaces in mas- 
sive and sheet flows. Quartz is abundant in the groundmass 
throughout the TZ and UDZ. 

1 2 3 4 5 6 

- - - - 0.06 0.1 1 
0.02 1.23 0.07 0.01 0.04 0.23 
- 0.23 0.57 0.79 0.88 0.84 

64.79 62.90 57.39 61.20 61.39 65.07 

64.81 64.36 58.03 62.00 62.37 66.25 

Epidote 

Yellowish-green, blocky to radiating epidote is a common 
void-filling phase whereas granular epidote is locally dis- 
tributed in the groundmass of rocks from the UDZ. It is asso- 
ciated with quartz and chlorite, either mixed or as the latest 
phase to form. Analyzed epidotes are uniform in composition 
with a narrow range in pistacite component, from 10 to 30 
(Fe/Fe+~l '") .  No compositional differences between ground- 
mass and void-filling phases were noted (Figure 7; Table 8); 
moreover, there is no compositional trend depth. MnO con- 
tents range from 0.03 to 0.70 wt.%. 

Figure 7: Pistacite component (F~/(F~+AI" ' ) )  of 
groundmass-replacing and void-filling epidote. 
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Pale-green, prismatic to fibrous actinolite was identified pet- 
rographically in the lower 50m of Hole CY-IA. It is com- 
monly intergrown with chlorite in the groundmass and epidote 
- quartz assemblages in vesicles and vugs. No reaction rela- 
tionship with clinopyroxene was observed in these samples. 

- 

Si02 
A1203 
F ~ O ~  
MnO 
MgO 
CaO 

Total 1 96.48 96.12 96.00 1 

Si 
A I ~ V  
Total 

A I ~ ~  
Fe 
Total 

Mn 
Ca 
Total 

Cation Proportions on the 
basis of 12.5 (0, OH) 

Table 8: Representative epidote analyses. - not de- 
tected; F ~ O ~  = Total iron as Fe203; (1)  CYIA: 
632.25 m, vesicle; (2) CY I A : 632.25 m, groundmass; 
(3) CY 1 A : 339.26 m, vesicle. 

Other Minerals 

Adularia, a K-feldspar, lines fractures and vesicles in the 
SWZ. A few anhedral grains, which resemble quartz and 
analcime, were identified by microprobe. 

Prehnite showing second order birefringence and occurring 
as tabular grains have been identified in two samples in the 
UDZ. These grains are associated with quartz in vesicles; 
a few occurrences in the groundmass were identified petro- 
graphically. 

Fe-hydroxides and oxides are present in every alteration zone 
but are most abundant in the SWZ where they give the rocks 
their characteristic 'oxidized' appearance. These phases were 
identified visually because poor crystallinity prevented XRD 
identification in most cases. Microprobe analyses indicate 
that they are mixed with clay minerals (Table 2, column 6). 

Pyrite is the only secondary sulfide identified in this study. 
It is most common in the TZ and UDZ where it is associated 
with quartz, chlorite, and epidote in the groundmass and with 
quartz, albite, and chlorite or smectite/chlorite on fracture 
surfaces. Veins of euhedral to subhedral pyrite, up to 2cm 
wide, cut massive units in the UDZ and are locally abundant 
in field exposures. 
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Gypsum is the only sulfate identified outside the MZ. In field 
exposures, it is primarily associated with gossans, whereas in 
the LTZ of CY-1 it fosms clear, massive crystals in late-stage 
veins. 

ALTERATION OF PRIMARY MINERALS 

Olivine is partly to totally replaced by an assemblage of clay 
minerals, calcite, and goethite. The clay minerals present in 
the alteration assemblage are compositionally similar to co- 
existing groundmass clays. 

Plagioclase is variably altered in all zones except the UDZ 
where it is completely replaced by albite. In the SWZ, LTZ, 
and TZ, plagioclase may be partly altered to calcite, clay 
minerals, or totally replaced by K-feldspar. In addition, pla- 
gioclase is locally albitized in the TZ. There is no consistent 
pattern in the distribution of these types of alteration. For ex- 
ample, within one thin section, K-feldspar, plagioclase partly 
replaced by smectite, and fresh plagioclase may be present. 

Clinopyroxene remains essentially fresh in all the alteration 
zones. Celadonite or saponite locally line fractures and coat 
grain boundaries. 

Red staining adjacent to titanomagnetite in the SWZ and 
LTZ indicates that the opaque minerals have expelled iron and 
are cation deficient (Hall et al., 1987). Sphene locally rims 
titanomagnetite in the UDZ. 

ALTERATION OF VOLCANIC GLASS 

Fresh volcanic glass is present in the LTZ and TZ. The degree 
of preservation of glass is quite variable within a single out- 
crop, from slightly altered with a thin clay coating to totally 
replaced by authigenic minerals. 

Glassy pillow margins are initially altered to palagonite 
(residual glass) whereas cracks and vesicles are lined with 
smectite and phillipsite. As alteration proceeds, palagonite is 
replaced in situ by smectite and phillipsite until there is no 
longer evidence of the residual glass. In many locations, anal- 
cime is also associated with glassy pillow margins, where it 
fills intergranular voids. Where associated with phillipsite, it 
is the latest phase to form. The typical paragenic sequence of 
secondary minerals replacing glassy pillow margins is, from 
oldest to youngest: palagonite, smectite, phillipsite, and anal- 
cime. In a few cases, a thin layer of Fe hydroxides separates 
the palagonite and smectite. 

Glassy margins of massive flows are progressively altered 
in the same stages as pillows but with a different authi- 
genic mineral assemblage. The characteristic paragenic se- 
quence of secondary minerals replacing glassy flow margins 
is, from oldest to youngest: palagonite, celadonite, smectite, 
clinoptilolite, and mordenite. As with the pillowed units, Fe- 
hydroxides are locally present. 

The alteration of glass fragments in hyaloclastite units pro- 
duces mixtures of smectite, clinoptilolite, celadonite, and 

phillipsite, in decreasing abundance. It was not possible to 
determine the relative age of the phillipsite and clinoptilolite. 

BULK COMPOSITIONAL CHANGES 

Two geochemical suites have been recognized in the lavas 
along the northern flank of the Troodos ophiolite: a lower 
andesite-dacite-rhyodacite suite of arc tholeiite affinity and 
an upper picritic basalt to basaltic andesite suite of de- 
pleted arc tholeiite affinity (Robinson et al., 1983; Schmincke 
et al., 1983). The lower suite, referred to as the arc tholei- 
ite suite, contains aphyric to plagioclase- and clinopyroxene- 
phyric lavas. The upper suite, referred to as the high MgO- 
high Si02 suite, contains aphyric, olivine-, clinopyroxene-, 
and plagioclase-phyric, and picritic lavas. The CY-l/lA drill 
cores show the same depth distribution of the geochemical 
suites seen in field exposures. The boundary between the two 
suites occurs in the upper part of the CY-1A drill core (475- 
500m depth). Dykes, concentrated in the lowe~most 300m of 
CY-IA, generally belong to the high MgO-high Si02 suite. 

Variations in the major and trace element composition of 
crystalline rock samples in the CY-1/1A drill cores (Figures 8, 
9, and 10) reflect the variable primary composition and min- 
eralogy of the two lava suites as well as the effect of al- 
teration. Comparison of fresh glass (Robinson et al., 1983; 
Rautenschlein et al., 1986) and whole rock compositions 
(Robinson et al., 1983; Mehegan, 1988) with the composi- 
tions of altered samples collected for the ICRDG from the 
CY-l/lA drill cores shows that each alteration zone has dis- 
tinct compositional trends (Table 9). The co-variance of the 
CY-l/lA compositions with indicators of alteration (C02, 
H20, Fe203 /(FeO+Fe203)) and fractionation trends (Robin- 
son et al., 1983; Mehegan, 1988) combined with their varia- 
tion with depth indicate qualitative trends of enrichment and 
depletion. Because the degree of alteration is variable within 
all zones, samples from each zone do not show the same 
degree of enrichment or depletion. 

The SWZ is enriched in K20, Rb, Ba, Sr, and C02 and de- 
pleted in Si02 and Na20. Scatter in MgO, Cr, and Ni contents, 
particularly in the upper 75-100 m where picrites and olivine- 
phyric lavas are common, primarily reflects the variation in 
the modal abundance of olivine and clinopyroxene (Figures 8 
and 10). Bulk rock Fe203/(FeO+Fe203) ratios are higher 
than in the underlying zones (Figure 8B). Co-variance of ma- 
jor and trace elements with (Fe203 /FeO+Fe203) ratios and 
C02 content (Gillis, 1987) indicates that most compositional 
changes occurred during an early oxidative phase of alter- 
ation. Pervasive replacement of plagioclase by K-feldspar 
led to enrichment of K20 and depletion in Na20 and CaO. A 
later, C02-metasomatic event led to the enrichment of CaO 
and C02 and dilution of the other elements. 

The LTZ is also enriched in K20, Rb, and Ba and 
depleted in SiO2, but to a lesser extent than the SWZ. 
(Fe203 /FeO+Fe203) ratios and CO2 contents are lower than 
in the SWZ (Figure 8B). Random replacement of plagioclase 
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CAO 

FE203 
H2° FEO + F E 2 0 3  

Figure 8: Major element (wt.%) and trace element (ppm) contents versus depth in the CY-1/1A drill cores (con- 
tinued in Figure 9). A: Si02, A12O3, MgO, F ~ ~ o T ,  and CaO. B: Na20, K20, C02, H20, and Fez03/(FeO+Fez03). 
Alteration zones are outlined on the right, abbreviations are the same as Figure I .  Samples were collected for the 
ICRDG. Major elements were measured at the Geological Survey of Canada (XRF) and Memorial University of 
Newfoundland (AA). Trace elements were measured at Memorial (XRF). CO2 and H z 0  were measured by C-H-N 
gas chrornotography and ferric iron by titration at the Geological Survey (CY-I) and L'UniversitC de Montreal 
(CY-IA). Data points do not distinguish lithologic types and include pillows, flows, and dykes. 
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B MNO CU ZN CR N I 

Figure 9: Continuation of major element (wt.%) and trace element (ppm) contents versus depth in the CY-1/1A 
drill cores. A: Ti02, Zr, Y, Sr, Rb, and Ba. B: MnO, Cu, Zn, Cr, and Ni. Alteration zones are outlined on the 
right, abbreviations are the same as Figure 1. 
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Alteration 
Zone Stage* Mineralogy Co~npositio~ial Changes 

SWZ I Fe-hydroxides, K-feldspar, +Fe203 / (FcO+Fe203) 
Al-saponite, saponite +K20, Ba, Sr, Rb 

-Si02, Na20 
2 analcime ?? 
3 calcite +CaO, C02 
4 palygorskite, calcite ?? 

LTZ I saponite, celadonite, +K20, Rb, Ba, NazO 
Fe-hydroxides -Si02 

2 zcolites ?? 
3 calcite +CaO, COz 
4 palygorskite, calcite, ? ? 

gypsum 

TZ 1 saponite, srnectite/chlorite, +Na20, MnO, Zn 
quartz -CaO 

2 laurnontite, quartz, analcime ?? 
3 calcite ? ? 

UDZ I chlorite, quartz, pyrite, +Na20, MnO, Cu 
epidote, albire -CaO, K20, Rb 

2 epidote, quartz, pyrite '?? 
3 calcite ?? 

Table 9: Summary of alteration stages. * Stages are 
listed from oldest to youngest. 

by K-feldspar and the local abundance of celadonite led to 
the scatter in K20 contents and depletion in CaO. The rocks 
are enriched Na20 although no Na-bearing, groundmass- 
replacing secondary phases have been recognized. 

K20, Rb, and Sr contents are either depleted or show no 
change in the UDZ. Na20 is consistently enriched; CaO is 
depleted. Ba is generally depleted except for a few samples 
in the upper half of the zone. Variable Ti02, Cr, Ni, Zr, 
and Y contents in this zone (Figures 9A, 9B, and 10) reflect 
the intercalation of dykes of the high MgO-high Si02 suite 
with lavas from the arc tholeiite suite. (Fe203 /FeO+Fe203) 
ratios and C02 contents are lower than in the overlying zones. 
Higher C02 contents between 940-1020m depth occur in an 
interval where narrow shear zones are common. Albitization 
of plagioclase in the TZ and UDZ resulted in Na-enrichment 
and Ca-depletion. Traces of epidote in the groundmass and 
laumontite-filled voids suggest that some of the released CaO 
was locally redistributed. 

The UDZ and, to a lesser extent, the TZ are enriched in 
MnO, Cu, and Zn (Figures 9B and 10). Mn-rich chlorites 
and mixed-layer smectitefchlorite reflect the enrichment of 
Mn (Figure 4). Similar zones of metal-enrichment are locally 
distributed throughout the sheeted dyke complex. Outside of 
these zones, the rocks are slightly metal-depleted (Baragar 
et a]., 1987). 

SiO2, AI2O3, MgO, F~;?o;, and Ti02 generally follow the 
fractionation trends of the geochemical suites (Figures 8A 
and 9A; Gillis, 1987) suggesting that these elements were 
essentially immobile in all alteration zones. Small enrich- 
ments or depletions, however, would not be detected using 

our approach. Ti, Zr, and Y also follow fractionation trends, 
indicating that these elements are immobile during alteration. 
A detailed study of chemical variation within several cooling 
units from the SWZ and LTZ of CY-I indicates that Y may be 
depleted in the margins of some pillows (Baragar et al., 1989). 

Rocks from the TZ share the geochemical signatures of 
both the overlying LTZ and underlying UDZ. 

ALTERATION STAGES 

Depositional sequences and cross-cutting vein relations in 
each of the alteration zones suggest a sequence of four alter- 
ation stages (Table 9). The boundaries separating Stages 1-3 
do not necessarily represent a significant change in alteration 
conditions but, rather, mark changes in the style of alteration, 
from dominantly groundmass-replacing to void-filling. Iso- 
topic age dating of secondary phases from the SWZ and LTZ 
show that Stages 1 through 3 were continuous for >20Ma in 
the extrusive sequence whereas Stage 4 was restricted to. the 
upper 500m of the crust and significantly postdates crustal 
formation (Staudigel and Gillis, 1990). 

Stage 1 

Reaction with ambient seawater during construction of the 
volcanic pile marks the initiation of submarine alteration. In 
most cases, evidence of this incipient alteration and deuteric 
alteration has been obscured by subsequent alteration. Reac- 
tion with oxygenated, chemically unmodified seawater char- 
acterized early Stage 1 throughout the extrusive sequence. 
Oxidation of host-rock Fe and the formation of Fe-hydroxides, 
expecially in zones of high permeability, such as pillow 
margins and breccias, produced acidic conditions (Seyfried 
et al., 1978; Alt and Honnorez, 1984). As seawater migrated 
inward toward the cores of cooling units, it became chemi- 
cally modified. Progressive 02-depletion inhibited the forma- 
tion of Fe-hydroxides and led to an increase in pH, conditions 
which favour the formation of saponite over Fe-hydroxides 
(Bass, 1976; Seyfried et al., 1978; Andrews, 1980) and the 
replacement of plagioclase by K-feldspar (Alt and Honnorez, 
1984). Concentration of Fe-hydroxides along the margins of 
cooling units produced a pronounced colour zonation partic- 
ularly diagnostic of the SWZ. 

Decreases in  the abundance of Fe-hydroxides (Figure 1) 
and lower whole-rock Fe203 /(FeO+Fe203) ratios with depth 
(Figure 8B) show that 0 2  was progressively depleted as sea- 
water migrated downward. Initial acidic fluids rapidly be- 
came more alkaline, favouring the formation of saponite over 
Fe-hydroxides. Therefore, pillows in the LTZ typically lack 
pronounced mineralogic or chemical zonation. 

The association of celadonite primarily with massive and 
sheet flows and intrusive contacts suggests that conditions 
in these units were different from those in pillows. ~ i g h  
Si02(aq) concentrations coupled with low pH and oxidative 
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conditions favour the formation of celadonite (Wise and Eu- 
gster, 1964). The distribution of alteration in flows and intru- 
sives suggests that fluid flow was focused along the bound- 
aries of these units. In contrast, radial fracture patterns in pil- 
lows led to more diffuse fluid flow. It may be inferred, there- 
fore, that the composition of fluids along flow margins were 
primarily controlled by the alteration of glass whereas flu- 
ids'altering pillows contained both glass and crystalline rock 
components. Because glass alteration produces fluids more 
Si-rich than clystalline rocks (Seyfried, 1987), celadonite was 
favoured over saponite. 

Celadonite generally forms at temperatures <40°C whereas 
saponite forms at temperatures <50-200°C (Kristmannsdottir, 
1975; Seyfried et al., 1978; Stakes and O'Neil, 1982; Bohlke 
et al., 1984). The replacement of plagioclase by K-feldspar 
at normal seawater N ~ + / K +  ratios indicates temperatures less 
than 140°C (Munha et al., 1980). Oxygen isotopic com- 
positions of chalcedonic quartz associated with celadonite 
from the Akaki River section indicate temperatures of 20°C 
(Heaton and Shepperd, 1977). Therefore, temperatures in the 
extrusive sequence during Stage 1 were probably <50°C. 

The TZ, located where the dykes increase in abundance in 
Hole CY-IA, marks a change in alteration conditions. Be- 
cause of lower waterlrock ratios and previous reaction with 
the overlying rocks, MgO and 0 2  were depleted in the alter- 
ing fluid, producing near neutral pH and low f02. The only 
evidence of early acidic conditions is minor metal-depletion 
in the dykes (Rosenbauer and Bischoff, 1983). 

Replacement of the mesostasis and volcanic glass by 
mixed-layer smectite-chlorite + quartz + pyrite (Table 1) and 
the partial albitization of plagioclase dominate in Stage 1. 
Decreased Si contents in mixed-layer smectitefchlorite with 
increasing depth in the TZ and from rim to core in clay ag- 
gregates suggest an increased chloritic component (Bettison 
and Schiffman, 1988). This may reflect a rise in temperature, 
a change in fluid composition, or both. 

Stage 1 in the UDZ is characterized by the complete re- 
placement of the mesostasis and volcanic glass by chlorite 
+ quartz + pyrite f epidote. Complete albitization of pla- 
gioclase and whole-rock Na20 enrichment suggest tlie rocks 
were altered by a Si02-rich fluid under low waterlrock con- 
ditions. The abundance of pyrite and the scarcity of epidote 
indicate low f02. Small zones of epidosite-like alteration, 
where rocks are totally recrystallized to epidote + quartz f 
chlorite, indicate that z'ones of high permeability maintained 
high f02  (Richardson et al., 1987). 

The transition from saponite to mixed-layer smec- 
titefchlorite in the Icelandic geothermal fields occurs at tem- 
peratures between 100-200°C and from mixed-layer smec- 
tite/chlorite to chlorite between 200-240" (Kristmannsdot- 
tir, 1975). Epidote is stable at temperatures >200°C (Krist- 
mannsdottir, 1975; Bird et al., 1984; Liou et al., 1985); am- 
phibole, restricted to the base of the UDZ, indicates temper- 
atures >300°C (Mottl and Holland, 1978). This sharp rise in 

temperature, from < 100 to >200°C, across tlie TZ suggests 
that the thermal gradient was stepped during Stage 1. 

In all alteration zones, reduction in permeability by glass 
liydrolysis and lining of voids by clay deposition eventually 
restricted the access of seawater to the interior of all cooling 
units, limiting the deposition of secondary minerals to voids 
and reducing the coniribution of host rock components to the 
altering fluid. This marks the beginning of Stage 2. 

High permeability and close proximity to the source of 
unaltered seawater ensured the maintenance of an oxidative 
environment in the upper tens of meters of the volcanic 
pile. High whole-rock Fe203/(FeO+Fe203) ratios and the 
pronounced mineralogic zonation in the SWZ suggest that 
Stage 1 continued for a prolonged period of time. After crustal 
accretion, this oxidative alteration front migrated downward 
into the volcanic pile overprinting earlier, less oxidative al- 
teration. The lower limit of this alteration front is marked by 
the lower boundary of the SWZ. 

Stage 2 

Precipitation of zeolites in voids characterize Stage 2. Ze- 
olite precipitation is generally favoured by the alkaline, 02- 
and Mg-depleted, Si-enriched fluids similar to those produced 
during late Stage I (Hay, 1966; Alt and Honnorez, 1984). In 
the extrusive sequence, zeolites are most abundant in the LTZ. 
Their scarcity in the SWZ may be attributed to tlie mainte- 
nance of high fOz and, thus, low pH conditions. A charac- 
teristic feature of the LTZ is the association of specific ze- 
olites and clay minerals with either pillows or flows. The 
formation of each zeolite group is favoured by fluids with 
different Si/AI ratios and pH (Hay, 1966; Surdam and Shep- 
pard, 1978; Donahoe and Liou, 1985). Phillipsite and other 
Si-undersaturated zeolites precipitate from fluids with lower 
Si activities and higher pH than Si-saturated zeolites, such 
as clinoptilolite and mordenite (Mariner and Surdam, 1970; 
Iijima, 1974). Because acidic conditions were probably main- 
tained along flow margins longer than along pillow margins, 
reduction in permeability and depletion of O2 and MgO in 
seawater resulted in Stage 2 fluids with lower pH and higher 
Si02(aq) in flows than in pillows. These conditions led to 
the assocation of Si-undersaturated and Si-saturated zeolites 
with pillows and flows, respectively. Other variables, such as 
cation ratios in the solution and temperature, control which 
zeolites of each group form. 

Low temperatures continued in the SWZ and LTZ during 
Stage 2. Stable temperature ranges for all the zeolites indicate 
that temperatures 550-100°C were maintained (Iijima and 
Utada, 197 1 ; Liou, 197 1 b, Honnorez, 1978; Kristmannsdottir 
and Tomasson, 1978; Bohlke et al., 1984). 

Laumontite, analcime, albite, quartz, and pyrite were de- 
posited in the TZ and UDZ during Stage 2. Their deposition 
is favoured by Ca- and Si-rich, alkaline fluids. 
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Laumontite and albite are stable at temperatures between 
100 and 200°C (Iijima and Utada, 197 1; Liou, 1971a; Krist- 
mannsdottir, 1975; Eval-ts and Scl~iffman, 1983). The pres- 
ence of these minerals in the TZ suggests that the stepped 
thermal gradient prevalent during Stage I continued. 

Epidote, quartz, and pyrite were deposited in voids i n  the 
UDZ during Stage 2. Similar compositions of both void- 
filling and groundmass-replacing epidote (Figure 7), however, 
suggest that epidote precipitated from similar fluids at sim- 
ilar temperatures (Liou et al., 1985). In the UDZ of field 
exposures epidote is locally overprinted by laumontite. 

No bulk compositional changes result from Stage 2 because 
zeolite deposition was not pervasive and was restricted to 
voids. 

Stage 3 

Carbonate precipitation characterizes Stage 3. Several stages 
of growth are commonly evident but these do not reflect any 
change in fluid composition. Low Mg/Ca ratios in the carbon- 
ates indicate that they precipitated from Mg-depleted seawater 
because calcite which has precipitated from normal seawater 
has 8 mole % MgCOs (Mucci and Morse, 1983). Tempera- 
tures calculated from oxygen isotopic data range from 4-15OC 
in the SWZ, 10-4 1 C in the LTZ, 40-50°C in the TZ, and 6& 
90°C in the UDZ (Table 10). Thus, during Stage 3, temper- 
atures increased gradually from those of Cretaceous bottom 
water (5--15OC, Brass et al., 1982) with depth in the ophiolite. 
Carbon isotopic data indicate that the carbonates precipitated 
from solutions with an inorganic component (Muehlenbachs. 
1979). 

Pervasive calcite deposition in the SWZ led to whole rock 
enrichment of Ca and COz. 

Stage 4 

Stage 4 was restricted to the SWZ and the upper few tens of 
meters of the LTZ. Palygorskite and calcite were deposited in 
veins which cross-cut all previous alteration. Gypsum veins, 
restricted to the LTZ of CY-I, re-opened and filled earlier 
veins. 

SUMMARY 

Four alteration zones with distinct mineralogical and geo- 
chemical characteristics are recognized in the CY-I/lA drill 
cores: a Seafloor Weathering Zone, a Low-Temperature Zone, 
a Transition Zone, and an Upper Dyke Zone. The depth dis- 
tribution of these zones in CY-l/IA is comparable to field 
exposures along the northern flank of the ophiolite; however, 
the thickness of the zones varies laterally (Gillis, 1987). 

Four alteration stages are proposed which reflect changes in 
physical and chemical conditions. Stage 1 marks the initiation 
of submarine alteration. Reaction with seawater during crustal 
construction led to the replacement of mesostatis and volcanic 

Table 10: Oxygen and carbon isotopic data and calcu- 
lated tenlperaturcs of for~natio~l for carbonalc. ' T a I -  
culated following method of O'Neil el al. (1969) using 
( 1 )  Present scawater value and (2) Cretacious seawaler 
value (Savin, 1977). 

Alterarion 

DepIli(n1) Zone 

CY- I 

58.35 SWZ 
86.30 SWZ 

123.30 SWZ 
291 .OO LTZ 
299.00 LTZ 
410.43 LTZ 

CY- I A 

36.35 L7Z 
138.75 LTZ 
242.09 T Z  
314.05 TZ 
390.00 UDZ 
406.00 UDZ 
434.00 UDZ 
5 18.00 UDZ 
617.00 UDZ 

glass by Fe-hydroxides and clay minerals. Temperatures in 
the dyke section were >200°C; in contrast, high pe~meabil- 
ity in the extrusive sequence resulted in temperatures <50°C. 
The precipitation of clay minerals along fracture surfaces and 
vesicle walls eventually restricted access of seawater into the 
hostrock. This led to a change in the style of alteration from 
groundmass-replacing to void-filling and marks the transition 
from Stage 1 to 2. Calcite precipitation marks the on-set of 
Stage 3. Temperatures remained unclianged in the SWZ and 
LTZ during Stage 3; in the UDZ, temperatures decreased to 
< 10O0C. Stage 4 is restricted to the SWZ and upper few me- 
ters of the LTZ. Isotopic age dating of secondary minerals 
from each stage of alteration indicates that Stages 1 through 
3 continued from crustal formation for >20Ma. Stage 4 sig- 
nificantly post-dates Stages 1-3 and may be related to the 
emplacement of the ophiolite (Staudigel and Gillis, 1990). 

Comparison of these zones with zones of alteration recog- 
nized in several DSDP basement holes suggests the rechsuge 
zones of Troodos are equivalent to i ~ t  situ oceanic crust (Gillis 
and Robinson, 1988). Hole 504B, drilled in 5.9 m.y.-old crust, 
approximately 200 km south of the Costa Rica Rift, is the only 
hole that has sampled the transition between lavas and the un- 
derlying sheeted dyke complex (Shipboard scientific Crew, 
Leg 69, 1983; Shipboard Scientitic Crew, Leg 83, 1985). 
As in Troodos, the boundary between the low- and high- 
temperature environments is sharp and is located at the litho- 
logic transition zone (Alt et al., 1986). This implies that the 
tllertnal gradient was stepped during the early stages of alter- 
ation. The areal distribution of the alteration zones in Troodos 

''cI,D~ 'X~suow 

2.3 31.50 
1.8 30.43 
2.0 31.54 
2.7 30.37 
2.8 30.87 
2.4 29.46 

1.2 26.34 
0.8 24.79 

-0.9 22.77 
1.7 18.36 
1.4 19.87 

2.7 17.85 
0.9 20.20 
3.0 18.40 
3.3 17.82 

Temp. O C : "  

1 2 

9.3 5.3 
13.7 9.6 
9.2 5.3 

14.0 9.8 
11.8 7.8 
16. l 13.6 

32.8 27.8 
41.1 35.6 
53.0 46.9 
84.6 76.6 
72.7 65.5 
88.8 80.6 
70.3 63.2 
84.2 76.3 
89.0 80.8 
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(Gillis, 1987) shows that the bounda~y between the low- and 
high-temperature zones varies from < 150 to > 1400 m depth. 
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Abstract 

Holes CY-1 and CY-I A sampled the extrusive section and upper sheeted dykes of the north flank of the Trooclos 
ophiolite. Four alteration zones can be recognized based on the secondary mineral assemblages: ( I )  an upper 
oxidized zone (0-225 m in Hole CY-I) characterized by pervasive alteration and an abundance of smectite, 
calcite, Fe-hydroxides, and K-feldspar; (2) a zone of discontinuous alteration, about 500m thick, cliaracterized 
by clay minerals, zeolites, and minor carbonates and locally by the presence of fresh volcanic glass; (3) a 
transition zone between about 238 and 270m in Hole CY-1A that contains mixed-layer clay minerals and 
laumontite; and (4) a subgreenschist facies in the lower part of Hole CY- IA, characterized by assemblages of 
epidote, quartz, albite, and chlorite. The two upper zones reflect relatively low-temperature alteration whereas 
the lower two indicate somewhat higher temperatures. The sharp transition between the two types suggests a 
stepped geothermal gradient at the time of fo~mation, perhaps related to the presence of a dyke swann at a 
relatively shallow level. 

Les forages CY-I et CY-IA Cchantillonnent la section extrusive du flanc nord de l'ophiolite de Troodos, et les 
groupes de complex de dykes supCrieurs de ce mCme flanc. L'assemblage des minerais secondaires permet de 
reconnaitre quatre zones d'altCration : (1) une zone supCrieure oxidte (0-225 m dans le forage CY- 1 )  caractCrisCe 
par une alteration profonde et une abondance de smectite, calcite, hydroxides de fer et de feldspaths potassiques. 
(2) une zone d'altkration discontinue d'environ 500m d'tpaisseur caractCrisCe par des mineraies d'argile, du 
zColite et une quantitC moindre de carbonates ainsi que localement par la prCsence de verres volcanique frais. 
(3) une zone de transition entre 238 et 2701n environ, dans le trou de forage CY-IA qui contient des couches 
mixes de minerais d'argile et de laumonite et (4) un fac ib  shiste sous-vert dans la partie inferieure du trou 
de forage CY-IA caractCrisC par un assemblage d'Cpidote, de quartz, d'albite et de chlorite. Les deux zones 
superieures reflktent une altCration ti une tempCrature relativement basse, tandis que les deux zones infkrieures 
indiquent une tempCrature quelque peu plus ClevCe. La transition abrupte entre ces deux types rtvblent une 
augmentation du gradient gCothermal au moment de la formation, ce qui peut-&tre expliquerait la presence d'un 
essaim de dykes B un niveau relativement peu profond. 
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INTRODUCTION 

A primary goal of the Cyprus Crustal Study Project was to 
sample the extrusive sequence of the Troodos ophiolite by 
drilling a single hole from the top of the lava section into the 
sheeted dykes. Hole CY-I was spudded in at the sediment- 
lava contact in the Akaki River canyon and drilled to a depth 
of 475 m with a recovery of 92%. It penetrated a sequence of 
pillowed and massive flows that had previously been assigned 
to both the Upper and Lower Pillow Lavas. 

When this hole was terminated because of poor drilling 
conditions, the rig was moved about I km to the south. 
CY-1A was then spudded in at about the same stratigraphic 
level at which CY- I was terminated. Hole CY- 1A penetrated 
a total of 700m with 94.5% recovery. Pillowed and massive 
lava flows make up the upper part of the sequence in this 
hole and these are underlain by massive lava flows cut by 
numerous dykes. 

All of the lavas and dykes have been altered to some de- 
gree by interaction with seawater although fresh glass is lo- 
cally preserved. The purpose of this study was to identify 
the secondary mineral assemblages in the lavas, to character- 
ize the nature and extent of the alteration and to identify the 
alteration zones. 

Methods of Investigation 

Secondary minerals in Holes CY-I and 1A replace ground- 
mass material and fill fractures and vesicles. Groundmass 
minerals were separated by crushing the rock and separat- 
ing the less than two micron fraction. Secondary minerals 
filling fractures and vesicles were hand picked under a binoc- 
ular microscope. Mineral identification was based on optical 
properties and X-ray diffraction analysis. Smear slides were 
prepared for X-ray analysis from powdered material. After 
analysis, all samples were saturated with ethylene glycol, re- 
analyzed, and then ignited for 1-2 hours at 550°C. Major 
oxides and selected trace elements were analyzed to deter- 
mine the chemical variations resulting from alteration. The 
major oxides were analyzed by R.N. Gritsai using wet chem- 
ical methods and the trace elements were analyzed by flame 
spectroscopy. 

Lithology and Petrography 

Hole CY-I was spudded at the top of the extrusive sequence 
in the Akaki River canyon and penetrated 474.88 m. It sam- 
pled a sequence composed largely of pillow lavas and brec- 
cias with subordinate massive flows. Individual cooling units 
were grouped into 30 larger scale lithologic units (Robinson 
and Gibson, this volume). Hole CY-1A is also located in 
the Akaki River canyon about 1 km south of CY-I. It was 
spudded at about the stratigraphic level reached in Hole CY- I 
and penetrated 700 m. Thirty four lithologic units were recog- 
nized (Robinson and Gibson, this volume) and these consist 
chiefly of massive lava flows and dykes with less abundant 

Figure 1: Basalt with an intersertal texture, Hole CY- 1, 
348.1 m, magnificatio~l x 150. 

pillow lavas and breccias. Although the exact stratigraphic 
and structural relationships between Holes CY-I and 1A are 
unclear, the two holes are treated as continuous in this report. 

The lithology and secondary minerals of the rocks exam- 
ined in this study are summarized in Appendices I-V. Pillows 
were recognized from their small thickness, curved glassy 
rinds and fine-grained textures. Locally, particularly in the 
upper parts of the section, pillows pass abruptly into breccias 
composed largely of pillow fragments. Massive lava flows 
are usually thicker and coarser grained than pillows. Many 
have glassy margins but these are typically thin and relatively 
flat. Dykes and sills are recognized on the basis of their sharp, 
chilled intrusive contacts and unifo~m, massive character. In 
the lower part of Hole CY-1A the core is highly broken and 
rubbly, making it difficult to distinguish dykes from massive 
lava flows. 

The pillow lavas and breccias are fine-grained, sparsely 
to moderately phyric rocks with hyalopilitic to intersertal 
groundmass textures (Figure 1). Phenocrysts are chiefly al- 
tered olivine and lesser clinopyroxene. They average less 
than 5% of most rocks but locally make up 50% of some 
picritic pillows. The groundmass minerals are plagioclase 
and clinopyroxene with small amounts of iron-titanium oxide 
and some olivine (Figure 1). Hyalopilitic specimens consist 
chiefly of crystallized or altered glass with sparse micsolites of 
plagioclase and clinopyroxene (Figure 2). Secondary miner- 
als replace both groundmass material and phenocrysts, partic- 
ularly olivine (Figure 3). and fill abundant vesicles and veins 
(Figure 4). The glassy pillow rinds are commonly brecciated 
(Figure 5) and partly to completely replaced by clay minerals, 
carbonates, and zeolites. 

Massive lava flows are chiefly aphyric, fine- to medium- 
grained rocks with intersertal textures. Vesicles are usually 



O.V. Clz~dayev, V.B. Kurnwov, E.D. Petrachenko, I.V. Klzolodke~: icll, aid  P.T. Rohi~tsoit 

Figure 2: Basalt with hyalopilitic texture, Hole CY-I, 
168.8m, magnification x 150. 

Figure 4: Calcite-zeolite vein in basalt, Hole CY-I, 
19.97 m, magnification x 60. 

Figure 3: Altered olivine phenocryst in basalt, Hole 
CY-I, 58.35 m, magnification X 150. 

Figure 5: Fractured rock, glassy pillow rind, Hole 
CY-I, 188.05m, magnificntion x 150. 

less abundant but larger than those in pillows and are concen- 
trated in distinct bands or zones. Rare porphyritic flows have 
accumulations of olivine and clinopyroxene in their lower 
parts, presumably reflecting crystal settling. Many of the 
flows have chilled glassy margins and some contain variable 
proportions of breccia consisting of crystalline fragments in 
a glassy matrix (Figures 6 and 7). Many of the glassy 
margins have well developed variolitic textures (Figure 8). 
Hyaloclastite layers are rare. The massive flows and particu- 
larly the glassy breccias (Figure 9) are moderately to exten- 
sively altered. Vesicles are commonly filled with a variety of 
secondary minerals (Figure 10) and small veins are common. 

In the upper part of the section the rocks contain mostly smec- 
tite and celadonite, whereas in the lower part the flows have 
been recrystallized to a subgreenschist facies assemblage. 

The dykes and sills are typically fine- to medium-grained, 
very homogeneous, aphyric rocks with sparse vesicles. Most 
have well developed chilled margins, some of which have 
altered glass. Where intrusive contacts are not preserved, 
dykes are difficult to distinguish from flows but are generally 
less vesicular. Alteration is most pronounced in the chilled, 
glassy margins. However in the lower parts of the section, the 
rocks have been extensively recrystallized to a subgreenschist 
facies mineral assemblage. 
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Figure 6: U~~evenly crystallized massive flow, Hole 
CY-IA, 140.0 m, ~nagnification x 150. 

Figure 8: Variolilic texture, chilled margin of Inas- 
sivc lava flow, Hole CY-IA, 148.65 In, ~nagnilicntion 
X 150. 

Figure 7: Crystalli~~e fragments in  altered glass, glassy 
breccia, Hole CY-I A, 455.2 In, magnification X 150. 

Secondary Minerals 

Secondary minerals f i l l  open spaces such as vesicles, frac- 
tures, and vugs. 'They also replace both phenocrysts and 
groundmass minerals as well as glassy or poorly crystallized 
interstitial material (Appendices I-V). The niost common 
secondary phases are clay minerals and calcite with lesser 
amounts of phillipsite, opal, pyrite, and quartz (Tables 1 ,  2, 
rund 3). [Note: Tables are grouped at the end of this paper, 
before the appendices.] Potassium feldspar replaces plagio- 
clase, particularly tlie calcic cores of zoned crystals, in tlie up- 
per few hundred metres of CY-I. Albite, epidote, and locally 

Figure 9: Glassy fragments within altered ~llalerial. 
massive lava flow, Hole CY-IA, 47.52 m, magnifica- 
tion x 150. 

actinolite occur in the lower 300m of Hole CY-IA. Phe- 
nocrystic and groundmass olivine is totally to partly replaced 
by calcite, Fe-hydroxides and s~nectite whereas pyroxene is 
commonly fresh, even when other minerals are completely 
replaced. Most groundmass secondary minerals also occur as 
open space fillings (Tables 4, 5, and 4 )  but tlie proportions 
are commonly different. In addition to pliillipsite, a number 
of other zeolites, such as mordenite, lieulandite, laumontite, 
herschelite, analcime, and chabazite are also present in veins 
and vesicles. 
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Figure 10: Srneciiic-filled vesicle, brccciated lava 
flow, Hole CY-IA, 79.05 m, magnifica~ion X 150. 

Many veins and vesicles show distinct zonations in sec- 
ondary mineralogy. Vesicle walls are commonly lined with 
smectite and hydrous iron oxides and the cores filled with 
mixed-layer clay minerals, carbonate and/or zeolite. Car- 
bonates and zeolites, locally accompanied by clay minerals, 
are tlie most common vein fillings. 

Amongst tlie clay minerals, smectite, celadonite, and chlo- 
rite are the most common but swelling chlorite, palygorskite, 
and various mixed-layer species are also present. Both dioc- 
tahedral and trioctahedral smectites are represented. Dioc- 
tohedral varieties have b-spacings between 9.05 and 9.15 A, 
whereas trioctahedral smectites all have b-spacings greater 
than 9.20A (Table 7). Dioctahedral celadonite (b = 9.05- 
9.15A) is a IM polytype with a high iron content. 

Both nolmal and swelling chlorites have been identified. 
Normal chlorites are trioctahedral, iron-magnesium varieties. 
Swelling chlorites are recognized by an expansion of the basal 
spacing to about 17 A when saturated with ethylene glycol. 
The structure then collapses back to about 14.2 A when heated 
at 550°C. Spacing on the b axis is about 9.30A. 

Two types of mixed-layer clay minerals are present; 
chlorite-smectite and celadonite-smectite. Chlorite-smectite 
varieties are recognized by non-1.ational repetitions of the 
basal reflections, which indicate alternating chlorite and smec- 
tire layers. The celadonite-smectite mixed-layer varieties are 
distinguished by a significant shift of the basal reflection to 
about l Oa when heated to 550°C. 

Distribution of Secondary Minerals 

Hole CY-1. The principal secondary minerals in Hole CY-I 
ure smectite, mixed-layer smectite-celadonite, K-feldspar, 
and calcite, which indicate folmation by low temperature 
seawaterlrock interaction. The uppermost lavas are intensely 

altered: they are reddish-brown in colour and highly oxi- 
dized. Dioctahedral, iron-rich smectite, carbonate, and ze- 
olite are the most common secondary minerals in this part 
of the section (Tables 1, 2, and 3). Glassy pillow niar- 
gins are replaced by smectite, iron oxides, phillipsite, anal- 
cime, and calcite. Groundmass alteration involves replace- 
ment by smectite, mixed-layer chlorite-smectite, calcite, and 
K-feldspar. Olivine phenocrysts are altered to iddingsite 2nd 
calcite. Veins and vesicles are filled largely with stnectite, 
phillipsite, analcime, calcite, and iron oxides. A few late veins 
are filled with palygorskite and gypsum. Lower in tlie sec- 
tion, below about 225 m, oxidative alteration diminishes and 
the rocks contain mostly smectite and mixed-layer smectite- 
chlorite in the groundmass and zeolites, palticularly analcime, 
in the interpillow spaces (Tables 1, 2, and 3). Celadonite is 
commonly present, particularly in massive flows, where it is 
associated with phillipsite and heulandite. Potassium feldspar 
locally replaces groundmass plagioclase, though to a lesser 
degree than in the upper part of the section, and smectite 
replaces rare olivine. Veins are filled with mixed-layer clay 
minerals, carbonates, and zeolites. These minerals persist to 
the base of the hole. 

Hole CY-1A. Hole CY-1A starts at or near the stratigraphic 
level reached in Hole CY-I. As expected, the secondmy 
mineral assemblages in the upper part of CY-1A are simi- 
lar to those in the lower part of CY-I. Glassy material is 
largely replaced by smectite accompanied by minor iron ox- 
ides (Appendices 111-V) but a considerable amount of fresh 
glass is preserved. Vely sparse olivine is only partly replaced 
by smectite. Plagioclase is generally fresh or partly replaced 
by smectite and analcime (Table 4). Smectite, celadonite, and 
calcite fil l  veins and vesicles (Tables 5 and 6). Below litho- 
logic unit XVII, at about 238 m, somewhat higher temperature 
secondary minerals are encountered. Small quantities of lau- 
montite, chlorite, and epidote appear in veins and vesicles and 
chlorite replaces sniectite and mixed-layer smectite-chlorite as 
the major groundmass phase (Table 4). Celadonite also dis- 
appeals below about 238m. In the transition zone between 
the rocks containing mostly smectite and those containing 
mostly chlorite is a zone where corrensite, a mixed-layer clay 
mineral with smectite and chlorite in a I : 1  ratio, becomes 
a major groundmass phase (Table 7). The pervasiveness of 
the alteration increases downhole until tlie rocks attain a sub- 
greenschist facies assemblage of chlorite, quartz, albite, and 
epidote at about 270m. Actinolite is absent but pyrite is com- 
mon, both in veins and vesicles and as a groundmass phase 
(Tables 4,5, and 6). A few late veins contain lower tempera- 
ture assemblages. particularly mixtures of calcite and zeolite. 
Many of tlie veins and vesicles show pronounced mineral 
zonation. Vesicles in a sample from 148.65m are rimmed 
with smectite and filled with mixed-layer celadonite-smectite 
and analcime. A vein at 2 16.75 m has alternating bands of 
chlorite, smectite, iron oxide, and a core filled with quartz. 
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Chemical Changes During Alteration 

Fourteen new major oxide and trace element analyses of 
variably altered rocks from Hole CY-1 are presented in Ta- 
ble 8. Fresh rocks from tliis sequence are largely high- 
SiOz/high-MgO basalts and basaltic andesites with some pi- 
critic pillows in the upper parts of tlie section (Robinson 
et al., 1983; Schmincke et al., 1983). Correlation coefficients 
have been calculated between all major oxides and trace ele- 
ments (Table 9). 

Most of the analyzed rocks have very high water contents 
(up to 10.37 wt.%), indicating high degrees of alteration and 
hydration. A positive correlation is evident between H20+, 
Fe203, and K20; all indices of alteration. The very high 
K20 contents of the rocks reflect the presence of abundant 
K-feldspar to a depth of about 280m. This is also reflected 
in tlie strong negative correlation between NazO and K20 as 
K-feldspar replaces plagioclase. Very high Fe203 /FeO ratios 
(up to 10) in the uppermost lavas reflect oxidative alteration 
and the presence of iron hydroxides tliat stain the rocks brown 
to reddish-brown in colour. A negative correlation between 
H20+, SiO2, and Na20 suggest some loss of the latter two 
oxides during alteration. However, a negative correlation be- 
tween H20  and CaO suggests a post-hydration addition of 
calcite because there is a strong positive correlation between 
CaO and CO:! (Gillis and Robinson, this volume). A strong 
negative correlation between CaO and MgO presumably may 
reflect the breakdown of olivine and other MgO-rich miner- 
als and their replacement by carbonate and Fe-rich smectite. 
Alternatively, it may simpiy reflect dilution of other oxides 
by the addition of CaC03. The presence of high C02 .in the 
upper lavas supports this interpretation. Marked positive cor- 
relations among some trace elements are probably inherited 
from the fresh rocks rather than being due to alteration. 

SUMMARY AND CONCLUSIONS 

Holes CY-I and CY-IA penetrated a combined depth of 
1190m into the extrusive sequence of the Troodos ophio- 
lite. Study of the secondary mineral assemblages indicates 
four major zones of alteration in the cored sequence: 
( I )  An upper zone of intense oxidative alteration extending 
from the top of the lava pile to about 225 m. This zone is 
characterized by very pervasive alteration and contains abun- 
dant smectite, calcite, iron oxides, and K-feldspar. Tempera- 
tures in this zone probably did not exceed 50°C (Gillis and 
Robinson, 1985; Gillis, 1987). This sequence corresponds to 
tlie seafloor weathering zone defined by Gillis and Robinson, 
(1985; 1990), and presumably formed by long exposure of 
the upper lavas to seawater. On Troodos this zone is best 
developed where the impelmeable umbers at the top of the 
lava pile are thin or absent. 
(2) A low temperature zone of interaction between rock and 
seawater that extends from about 225 to 713 m below the top 
of the lava pile (from 225m in CY-1 to 238m in CY-IA). 

Alteration is irregular and patchy in this zone and fresh vol- 
canic glass is commonly preserved. Pillow lavas and their 
glassy rinds are partly altered to smectite, analcime, and mi- 
nor carbonate, whereas massive flows have a characteristic as- 
semblage of celadonite, heulandite, and phillipsite. Although 
the alteration in  this zone was generally oxidative there are 
few iron oxides present and the rocks are generally grey to 
greenish-grey. This is believed to reflect less-pervasive alter- 
ation and tlie general absence of olivine, the breakdown of 
which accounts for some of the reddish-brown colour in the 
seafloor weathering zone. This sequence corresponds to tlie 
low temperature zone of Gillis and Robinson (1988) and re- 
flects penetration of cold seawater into the cooling crust. The 
absence of higher temperature zeolites, such as laumontite, 
suggests that the temperatures in this zone probably were less 
than 100°C (Kristmannsdottir and Tomasson, 1978; Gillis and 
Robinson, 1988; 1991). The distribution of alteration in tliis 
zone is largely a function of permeability (Gillis, 1987). 
(3) A transition zone between about 238 and 270m in 
Hole CY-1A (713-745 m below the top of the lava pile) tliat 
separates tlie low temperature zone from the deeper subgreen- 
schist facies zone. This zone is characterized by mixed-layer 
smectite-chlorite and laumontite, suggesting temperatures be- 
tween about 100 and 150°C. This zone corresponds to tlie 
transition zone defined by Gillis and Robinson, 1985; 1989). 
(4) A higher temperature zone of hydrotliermal alteration. 
Beginning at about 745 m below the top of the lava piles, the 
rocks show the effects of higher temperature hydrothermal 
alteration. Mixed-layer smectite-chlorite is replaced by clilo- 
rite and laumontite disappears. Epidote first appears at about 
241 m in Hole CY-IA (716m below the top of the lava pile) 
and but does not become a major phase until about 540m 
(1015 m below the top of the lava pile). Pervasive alteration 
in this zone produced a subgreenschist facies assemblage con- 
sisting of epidote, chlorite, albite, and quartz. Pyrite is com- 
mon both in veins and vesicles and as a groundmass mineral. 
Based on the abundance of epidote and the absence of acti- 
nolite, the temperatures of alteration are estimated to have 
ranged from 250-300°C (cf. Anderson et al., 1982, Evarts 
and Scliiffman, 1983). This low grade greenschist assemblage 
corresponds to the upper dyke zone of Gillis and Robinson 
(1988). 

The sharp boundary between the rocks altered at low tem- 
peratures and those altered under subgreenschist facies condi- 
tions suggests a stepped thermal gradient (Gillis and Robin- 
son, 1990), and may be related to the abundance of dykes 
encountered in the lower part of Hole CY-1A. 
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Table 1: Secondary minerals from the groundmass of volcanic rocks of Hole CY-I. 1 = Smectite; 2 = Celadonite; 
3 = Chlorite; 4 = Swelling chlorite; 5 = Mixed-layer clay minerals; 6 = Palygorskite; 7 = Gypsum; 
8 = K-feldspar; 9 = Calcite; 10 = Phillipsite. Note: x = abundant; + = moderately abundant; o = trace 
amount. 

Depth (~n) 

13.00 
19.97 
20.10 
44.40 
45.30 
52.50 
58.35 
58.80 
79.50 
83.85 
87.55 
87.90 
9 1 .oo 
95.42 

107.45 
111.60 
1 17.80 
124.00 
124.90 
137.70 
138.90 
143.85 
168.80 
176.50 
178.00 
209.50 
212.10 
212.50 
219.20 
229.30 
240.30 
248.70 
248.74 
250.13 
260.60 
26 1.53 
262.00 
266.10 
28 1.68 
298.80 
310.10 
3 17.95 
338.70 
348.10 
348.70 
35 1.80 
360.65 
369.10 
374.60 
378.50 
387.20 
425.60 
428.70 
440.70 
449.20 
452.05 
459.70 
465.80 
473.05 

1 2 3 4 5 6 7 8 9 10 
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x 
x 
x 
x + 
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Table 2: (Continues in Table 3.) Secondary minerals in veins and vesicles of the rocks from Hole CY-1. 1 = Smec- 
tite; 2 = Chlorite; 3 = Celadonite; 4 = Mixed-layer Celadonite-Smectite; 5 = Mixed-layer Chlorite-Smectite; 
6 = Palygorskite; 7 = Sepiolite; 8 = Analcite; 9 = Mordenite; 10 = Phillipsite; 11 = Heulandite; 
12 = Laumontite; 13 = Herschelite; 14 = Chabasite; 15 = Gypsum; 16 = Calcite; 17 = Epidote; 
18 = Goethite. 

NatureofSample 

Red inclusions 
White crust 
Black crust 
Yellow material 

White vein 

Grey vein 

Vein 

Red material 

White material 

Brown material 
Green clay 
Crust 

Vein 
Green crust 

Green crust 
Red crust 
Vesicle filling 

Green material 
White crust 
Green crust 

White vein 

White vein 
Green material 

White vein 

White vein 
Brown materinl 

Pink crust 

White vein 
White vein 

Green vein 
White vein 

Green crust 

White material 

White vein 
Violet crystals 

White crust 

Green material 

Yellow vein 
Light material 
Red crust 
Green vesicles 

White inclusions 
Light clay 
Green clay 
Brown clay 

Depth(m) 

13.00 

13.80 

19.97 

20.10 

23.80 

39.90 

52.50 

58.35 

79.50 

83.85 

87.55 

87.90 

9 1 .OO 

95.42 

107.45 

1 1  1.60 

117.80 

124.35 

124.90 

137.70 

138.90 

143.85 

168.80 

176.50 

1 2 3 4 5 6 7 8 9 10 11 I2 13 14 15 16 17 18 

x 
+ x 
+ x + 
x o 

x 

+? +? o? o + x o 

+ o +? + x 

+ x + 
x + 

x 
+? o o 

x 

x 
x o o 

+? o? + o x 
o +? + + x 

+ 
+? 4- o 
x o? x x 

+ 
x 

+ x 
x x x 

x ? o 

o x 
+ x 

o x 

x 
x 

x 

x 

x 

x 

+ + 
x 
o + 
+ o 

+ x 
x 
x 
x 
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Table 3: (Completion of Table 2 data.) Secondary minerals in veins and vesicles of the rocks from Hole CY-I. 
1 = Smectite; 2 = Chlorite; 3 = Celadonite; 4 = Mixed-layer Celadonite-Srnectite; 5 = Mixed-layer 
Chlorite-Smectite; 6 = Palygorskite; 7 = Sepiolite; 8 = Analcite; 9 = Mordenite; 10 = Phillipsite; 
1 1  = Heulandite; 12 = Laurnontite; 13 = Herschelite; I4  = Chabasite; 15 = Gypsum; 16 = Calcite; 
17 = Epidote; 18 = Goethite. 

Natureofsample 

Green crust 
Wllite crust 
White crust 
Pink crust 
Dark material 

White vesicles 
Dark vesicles 
Bluish vesicles 

While crust 
Red crystals 
Transparent material 

White material 

White material 
Green material 

Transparent vein 
Yellow crust 

Green crust 
Green crust 

Liglit crust 

Green crust 

Transparent vcin 

White malerial 

White crust 

White veinlets 

Light grey material 

Green clay 

Light green material 
Green material 
Brown material 

White crusl 
Light material 

Vesicle filling 
Green material 
Vein 

Lighl crust 

Blue material 

Vein 

White crust 

Dark material 

Light crust 

Depth(m) 

178.00 

209.50 

212.10 

212.50 

219.20 

229.35 

240.35 

248.70 

248.75 

250.13 

260.60 

266.10 

298.80 

310.10 

338.70 

348.70 

351.70 

360.65 
378.50 

387.95 

425.60 

428.70 

440.70 

449.20 

465.80 

1 2 3 4 5 6 7 8 9 10 1 1  12 13 14 15 I6 17 18 

+ + 
o x 
o? + x 
+ o? 
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+ 
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o? 

o? + 
+? 
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+ + 
o? + 

+? 
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x + 
x + 
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x 
x + 
x + 
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+ x 

x? o + 
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Table 4: Secondary minerals in the groundmass of rocks from Hole CY-IA. 1 = Smectite; 2 = Celadonite; 
3 = Chlorite; 4 = Swelling chlorite; 5 = Mixed-layer smectite chlorite; 6 = Analcite; 7 = Laumontite; 
8 = Heulandite; 9 = Pyrite; 10 = Epidote; 1 1  = Actinolite; 12 = Calcite; I3 = Quartz. Note: x = abundant; 
+ = moderately abundant; o = trace amount. 

Depth (m) 

2.45 
23.00 
23.05 
40.35 
47.52 
49.85 
61.85 
77.78 
86.95 
29.24 

101.85 
132.95 
140.00 
156.65 
160.95 
165.60 
178.05 
202.30 
241.30 
254.00 
266.00 
311.52 
331.33 
36 1 .OO 
367.80 
380.35 
394.40 
406.00 
4 10.45 
42 1.80 
423.00 
438.20 
455.20 
462.70 
48 1.40 
498.00 
5 16.85 
542.55 
566.40 
579.90 
593.65 
623.35 
63 1.20 
658.25 
659.60 

1 2 3 4 5 6 7 8 9 10 I I 12 13 

x + + o 
x o 
x 
x 
x + 
+ + 
x 
x + 
x o 
x 
x 
x 
x o 
x 
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o + o 
x 
x o 

+ o 
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x o 

x o 
x o 

x + o 
x + 
x 

+ 
+ o 
x + 
x o 
x + 
x + 
x + 
x o 
x o + 
x + 
x + 
x + 
+ x 
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x o? + 
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x + 
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Table 5: (Continues in Table 6.) Secondary minerals in veins and vesicles of the rocks from Hole CY-IA. 
1 = Smectite; 2 = Celadonite; 3 = Chlorite; 4 = Mixed-layer Chlorite-Smectite; 5 = Mixed-layer Celadonite- 
Smectite; 6 = Vermiculite; 7 = Analcite; 8 = Heulandite; 9 = Laumontite; 10 = Amphibole; 11 = Epidote; 
12 = Calcite; 13 = Quartz; 14 = Pyrite; 15 = Hematite. Note: x = abundant; + = moderate amount; 
o = trace amount. 

Typeofmaterial 

Transparent crystals 
Clay 

La~nellar crystals 
Clay in vesicles 

Clay in vesicles 
Transparent crystals with clay 
Green material 
Dark green material 
Dark green material 

Vesicle filling 
Clay crust 

Brown clay crust 
Green m~terial 

Vein 
Green material 

Brown vein filling 

Brown material 
Green material 
Transparent crystals in 
green material 

Green material 

Green crust 
Black material 

Green crust 
Vesicle filling 

White crystals in clay 
Black material 

Green material 
White ~naterial 
White material 

White crust 
Clay 

Green clay 

White crust 
Dark c r ~ ~ s t  
White vein 

Light grey crystals 

Clay 
Vesicle fillings 

Clay 

Clay with lle~natite 
Green crust 
Whitc ~naterial 
Grey material in veins 

White ~naterial in vesicles 
Clay 

Depth(m) 

8.45 

23.00 

31.30 

40.35 

49.85 

61.85 

77.78 

79.05 

86.95 

89.24 

101.85 

113.95 

140.00 

148.65 

156.65 

160.95 

165.60 

178.05 

188.05 

238.45 

241.30 

1 2 3 4 5 6 7 8 9 10 1 1  12 13 14 15 

x 
x + 
x x 
x 

x 
x x 
+ x 
+ x 
+ x x 

x 
x 

x 
+ x 

+ + 
x o 
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x 
x + 
+ + 

x o 

x o 
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x 
x 

x + o 
+ o o  
+ 0 0 

x + + 
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x o? 

x + 
+ x 
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Depth (in) 

245.80 

33 1.33 

White vei~~let 
Green ~nateriiil 

Clay 
White vei~ilct 

White vein 
Green ~narerinl 

Green ~nnterial 

G ~ z y  clay 

0 o? 
x o'? 
X 

Vci~i 
White ~nnterial 
Vesicle lillings 

Coaling on crystals 

White vcin 

Green clay 

Vein 
Oxidized crust 
Black material 

Clay in veins 

White material 
Transparcnt crystals 
Transparcnt crystals 
Vesicle lillings 
Black material 

Brown vein 
While vcin 

Clay in veins 

Clay 
Brown veil1 

Green vein 
Green ~naterial 
White material with clay 
Grey nialcrial in vcsicles 

Grcy vein 
Vein Iilling 

Fracture filli~ig 
Grey niaterial 
Vesicle fillings 

Vein 
Grey material 

Green material ill vesicles 
Dark green ~naterial 
Oxidized sulpllides 

Table 6:  (Completion O F  Table 5 data.) Secondary minerals in veins and vcsicles o r  the rocks from Hole CY- I A. 
I = Smectite; 2 = Celadonite; 3 = Chlorite; 4 = Mixed-layer Chlorite-Smectite; 5 = Mixed-layer Celadonitc- 
Smectite; 6 = Vermiculite; 7 = Analcite; 8 = Heulandite; 9 = Laumontite; 10 = Amphibole; I I = Epiclotc; 
12 = Calcite; 13 = Quartz; 14 = Pyrite; 15 = Hematite. Note: x = abundant; + = moderate iltnount; 
o = trace amount. 
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Table 7: Crystallographic parameters of clay minerals in the rocks from Holes CY-I and IA. 

Depth(m) 

CY- I 

13.00 
44.40 

58.35 

91.00 
107.45 
137.70 
143.85 
229.30 

240.30 
248.70 
298.80 
348.10 
360.65 
378.50 
428.70 
440.70 
465.80 

473.05 

Table 8: Major and trace element composi1ions of rocks from Hole CY-I. 

bParameter Polytype Minerals 

9.04 S~nectitc 
9.3 1; 9.09 Smecrite; mixed-layer 

clllorite-s~nectite 
9.30 Mixed-layer clllorite- 

s~nectite 
9.27 Swelling chlorite 
9.13 S~iiectite 
9.15; 9.12 IM Smectire; chlorite; celadonite'? 
9.27 Slnectite 
9.26 Mixed-layer celadonite- 

srnectite 
9.30, 9.15 IM Smectite; celadonite 
9.25; 9.08 Stnectite; celadonite 
9.09; 9.23 Smectite; celadonite 
9.24; 9.08 Smectite: celadonite 
9.30; 9.10 Smectite; celadonite 
9.20; 9.1 1 I M Smectite; celadonite 
9.25; 9.1 1 1 M? Smectire; celadonite 
9.24; 9.09 IM? Slnectite; celadonite 
9.05 IM? Smeclite; celadonite 

9.06 Smectite 

Depth (m) 

CY-IA 

8.45 
23.00 
40.35 

140.00 

241.30 
367.80 
423.88 
48 1.40 
498.63 
566.40 
623.30 
659.60 

Depth (m) 

SiO? 
TiO? 
Ah03 
Fez03 
FcO 
MnO 
MgO 
CtlO 
Na? 0 
K 2 0  
p?os 
co2 
H20+ 
HzO- 

Total 

B 
' Zr 

Cr 
Ni 
Sc 
V 
Co 
C 11 
Zn 
Mo 
SII 
Ag 

b Parameter Polytype Mincrals 

9.25; 9.1 1 S~nectire: chlorite 
9.23 S~nectite 
9.22; 9.08 Smectite 
9.30; 9.08 1M Smectite; celntlonite; 

swelling chlorite 
9.34 Swellillg chlorite 
9.29 S~nectitc; cliloritc 
9.34 Chlorite 
9.30 Chlorite 
9.30 Chlorite 
9.30 Chlorite 
9.32 Chlorite 
9.26 Chlorite 

44.40 58.35 87.55 91.00 212.10 240.30 250.10 281.68 3 10.10 360.65 374.60 428.70 359.70 473.05 

44.64 49.02 46.51 41.93 45.72 50.65 45.68 44.90 47.90 48.42 52.30 53.31 49.26 48.97 
0.68 0.66 0.60 0.63 0.78 0.80 0.78 0.74 0.76 0.60 0.68 0.68 0.70 0.69 

16.86 14.95 17.04 14.99 15.04 15.26 15.22 14.38 16.67 14.68 16.54 15.56 15.75 15.10 
7.86 7.43 7.76 6.64 8.68 4.34 6.52 1.63 7.18 6.24 5.39 6.11 6.90 6.16 
0.76 1.56 1.08 1.84 1.02 2.63 1.64 3.43 1.48 2.87 2.46 2.31 1.79 2.34 
0.11 0.11 0.11 0.11 0.06 0.04 0.14 0.13 0.06 0.08 0.10 0.08 0.06 0.11 
7.65 7.89 6.99 5.94 11.00 7.62 8.42 8.79 7.89 10.18 6.60 4.58 8.40 9.28 
6.21 3.57 6.67 14.15 1.85 6.26 6.53 7.81 5.20 5.05 9,25 9.24 6.42 6.32 
1.23 0.98 1.16 1.70 1.35 2.66 1.69 2.18 2.40 2.96 2.28 3.00 2.80 2.90 
3.20 5.62 3.77 2.54 3.69 2.06 3.80 3.61 1.56 0.44 0.29 1.24 0.74 0.91 
0.09 0.07 0.09 0.10 0.10 0.13 0.1 1 0.09 0.13 0.10 0.09 0.08 0.09 0.09 
2.34 - 1.21 5.24 - 0.27 1.93 2.41 - 0.57 - 
5.32 5.45 5.19 2.62 6.22 2.91 4.93 3.66 3.13 2.12 1.68 0.83 1.83 2.36 
3.09 2.24 1.92 1.21 .15 4.05 2.17 2.84 5.54 5.91 2.20 2.05 5.06 4.80 

100.04 99.55 100.10 99.64 99.66 99.68 99.56 99.54 99.81 99.65 99.82 99.64 99.85 100.03 

9 1 I I 79 50 79 34 60 42 48 16 14 15 29 13 
56 36 38 34 50 69 43 68 5 1 38 30 29 48 46 
93 250 60 100 107 72 140 200 48 48 100 126 118 59 
66 89 44 46 60 29 50 45 50 36 50 35 76 34 
33 40 40 26 38 26 35 37 46 25 38 48 42 42 

210 270 160 160 250 200 190 200 300 220 320 260 280 170 
26 28 20 21 28 25 25 28 37 24 43 20 45 22 
7 1 80 66 43 7 1 36 70 59 7 1 45 130 52 95 38 
48 79 35 32 79 48 40 40 80 60 120 49 87 60 
n.d. n.d, n.d. n.d, n.d n.d. n.d, n.d. n.d, n.d. n.d. 1.5 11.d. n.d. 
3 3 3 2 2 3 5.5 4 6 I 4 5 3 2 
n.d. 0.07 0.20 n.d. n.d. I .  0.69 0.35 0.83 n.d. 0.21 0.22 n.d. 1i.d. 



O.V. Chuda.yev, V.B. K~rnosov, E.D. Petrachenko, I.V. Kl~olodkevich, arid P.T. Rohirlsort 

Si02 

Fez03 

FeO 

A1203 

TiOz 

CaO 

MgO 

MnO 

Na2O 

K20 

p205 

H20+ 

Zn 

Sn 

B 

Cu 

Co 

Ni 

v 
Cr 

zr 

Sc 

SiOl Fe203 FeO AI2O3 Ti02 CaO MgO MnO Na20 K20 P205 HzO+ Zn Sn B Cu Co Ni  V Cr Zr 

Table 9: Matrix of correlation coefficients for samples from Hole CY-I. (n = 14, significant coefficicllrs of 
correlation are r >0.48) 
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Sample Lithology Secondary Minerals 
Depth(m) Glass Olivine Pyroxene Plagioclase Groundmass Fractures & Veins 

13.00 Basalt; intersertal texture S~nectite - Slnectite Smectite 

Vesicles 

Smectite 

19.97 Basalt; highly altered S~nectite - Fe oxides S~nectite Smectite, Analcite?, 
Calcite, Phillipsite, 
Lau~nontite 

Srnecli te. 
Ore Minerals 

44.40 Basalt; intersertal texture Srnectite - Fresh Smectite 
K-feldspar 

Calcite 
Laurnontite 

Smectite, 
Chlorite-smectite 

45.30 Breccia; basalt f~xgrnents - Fresh - 
in carbonate matrix 

Carbonate Apatite?, S~nectite 

57.50 Breccia; glassy fragments Oxidized - 
in carbonate matrix 

Calcite Chlori te-smectite, 
Smectite, calcite 

58.35 Basalt; highly altered, Chlorite- Fresh Fresh K-feldspar, 
plagioclase and olivine srnectite Chlorite-smectite 

58.80 Basalt; olivine-phyric Srnectite Chlorite- - 
intersertal texture smectite, 

Carbonate 

Smectite Calcite 

79.50 Basalt; lhyalopililic Mostly 
texture fresh 

Fresh Mostly fresh Slnectite 
Chlorite-smectite - 

Calcite, Smectite 

83.85 Basalt; hyalopilitic Oxidized - Hydrous iron-oxides - 
texture 

Smectite on rim, 
Mixed-layer chlorite, 
smectite in centre 

Basalt; sparsely phyric, 
hyalopilitic texture 

Smectite - 

Oxidized, - 
Swelling 
chlorite- 
smectite 

S~nectite - 

Fresh - 

Oxidized - 

Smectite - 

Oxidized - 

Smectite - 

Fresh 

Fresh 

Fresh 

Fresh 

Fresh 

Fresh 

Fresh 

Fresh 

K-feldspar 

K-feldspar 

Srnectite 

K-feldspar 

Smectite 

Fe-oxides 

Fresh 

Calcite Smectite 
Chlorite-smectite 

Basalt, intersertal 
texture 

Calcite, Smectite, 
Celadonite 

Basalt; intersertal to 
pilotaxitic texture, 
siderite segregations 

Hydrothermal s~necdte 

Glass, some pyroxene 

Carbonate Carbonate. Smectite 

Chlorite, 
Chlorite-smectite 

Chlorite, Calcite 

Chlorite, Smectite, 
Actinolite 

Basalt:intersertal 

Basalt; highly altered, 
filled vesicles 

Basalt; glassy 

Basalt glass; partly 
crystallized 

Basalt; hyalopilitic 

Basalt; highly altered 

Chlorite-smectite, 
Phillipsite 

S~necti te-goethite 

Smectite, Mordenite 

Swelling chlorite, 
Chlorite-s~nectite, 
Srnectite 

Chlorite-smectite, 
Calcite, Srnectite, 
Phillipsite, 
Henchelite 

209.50 Basalt; intersertal Srnectite - 
texture 

Smectite K-feldspar Calcite 
Cl~lorite-smectite 

Chlorite-smectite, 
Smectite. Calcite 

Appendix 1: (Continues in Appendix 2.) Litl~ology and secondary mineralogy of the rocks from Hole CY-I. The secondary minerals were 
determined optically and checked with X-ray diffraction techniques (see Tables 1, 2, and 3). 
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Sample Lithology Secondary Minerals 
Depth(m) Glass Olivine Pyroxene Plagioclase Groundmass Fractures & Vcins Vesicles 

212.10 Basalt; hyalopilitic Smectite, - Fresh K- feldspar Calcite, Slnectite 
texture Chlorite- 

smectite 

219.20 Basalt, hyalopilitic Chlorite- - Fresh K-feldspar Calcitc, Smeclile 
texture, vely altered smectite 

229.35 Basalt, glassy with Celadonite- - Fresh Fresh Calcite Calcite. Analcite 
hyalopilitic texture smectite 

240.35 Basalt; porphyritic with Srnectite - Weakly K-feldspar,Smectite - Calcite, Slnectite 
intersertal texture altered 

250.13 Basalt; intersertal Chlorite, - Fresh K-feldspar, Chlorite - Calcite. Analci~nc Chlorite, S~nectile 
texture Chlorite- Calcite 

smectile 

26 1.53 Basalt; intersertal Oxidized Fresh Fresh K-feldspar Chlorite-sniectite, 
texture Calcite 

266.10 Basalt; glassy with Oxidized - Chlorite-smcctile - Chlorite-smcctite Calcite, Analci~ne 
hyalopilitic texture 

28 1.68 Basalt; intersertal Chlorite- - Fresh K-feldspar Chlorite-smectitc, 
texture smectite Chlorite-smectite Calcite 

310.10 Basalt; glassy with Smeetite - Fresh Smeclite, K-feldspar - Smcctitc, Calcitc 
intersertal texture 

348.10 Basalt; pyroxene-phyric, Smectite, - Fresh K-feldspar, Smectitc? - Smectite, Calcite Slnectitc. Calcite 
variolitic to intersertal 
texture 

348.70 Hydrothermal minerals; - 
smectite, celadonite 

35 1.85 Basalt; intersertal S~neclite - Smectile? K-feldspar, Smectite, Gypsum Smectite 
texture 

360.65 Basalt; glassy with Oxidized - Smcctite Smectite, Calcite - Smectite Slncctite 
variolitic texture 

374.65 Basalt; pyroxene-phyric, Smectitc - Fresh Smectile Calcite, Smectite 
intersertal texture 

378.50 Basalt; pyroxene- and Smectite, - Smectite. 
plagioclase-phyric, Celadonite Laumontite 
intersertal texture 

425.60 Basalt; intersertal Smectite Smectite Fresh Smectite Smectite. 
texture Celadonite 

428.70 Basalt; intersertal Oxidized - Fresh Albite? Smectite, Calcite, Smectite, Calcite 
texture Celadonite 

440.70 Basalt; variolitic Oxidized - Fresh Smectite? Smectite, Smectite. Calcite, 
texture Celadonite Celadonite 

459.70 Basalt; glassy, Smectite - Fresh Celadonite, Smectite Smectite 
very altered Smectite 

475.05 Basalt; glassy, Smectite - Fresh Celadonite, S~nectite Smectite 
very altered Slnectite 

Appendix 2: (Completion of Appendix I data.) Lithology and secondary mineralogy of the rocks from Hole CY-I. The seconda~y mincmls were 
determined optically and checked with X-ray diffraction techniques (see Tables 1, 2, and 3). 
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Sample Lithology Seco~idary Minerals 
Deptli(~n) Glass Olivine Pyroxenc Plagioclasc Groundmass Fractures & Veins Vesicles 

8.45 Basalt glass; variolitic Smectite Frcsli - S~nectitc, Analcite - Smcclite Smectite, Calcite, 
texture Chlorite 

23.00 Basalt; glassy Fe-oxides Fresll S~iiectite 

3 1.30 Basalt; glassy Minor Fresh Smectite, Amphibole S~nectite 
sniectite A~nphibolc 

40.35 Basalt; intcrser~al Smectite 
texture 

Smcctilc Fresh Smectite 

47.52 Basalt: glassy F1.e s h Frcsli Smectite. Calcite 
Celadonite 

61.85 Basalt; intersertal Fe-oxides Fresh Sniectite Smectite, 
texture Celadonite 

77.78 Basalt; intersertal Fe-oxides S~nectitc Smcctile, Calcite, S~nectitc 
texture Celadonite(?) 

179.05 Basalt; glassy Fc-oxides Fresh Smectite Smectite 

86.95 Basalt; liyalopilitic, - Smectite Smectite. Celadonite Smectite 
fragmental 

89.29 Basalt; glassy Fe-oxides Fresh S~nectite, Quartz 

101.85 Basalt; glassy witli Fe-oxides 
interserial texturc 

Fresh S~nectile 

1 13.95 Basalt; Iiyalopilitic Srnectite Fresh 
texture 

Smectite, 
Hculandite 

132.95 Basalt; Iiiglily altered, Slnectite Fresh Albite(?) Smectite, Limonite Snlectite 
intersertal texture 

140.00 Basalt; intersertal Smectile, Chlorite, - Fresh Chlorite, Albite(?) - 
texture Swelling chlorite, 

Celadonite 

148.65 Basalt; variolitic Fe-oxides 
texture 

156.65 Basalt; ophitic Smectite Zoisitc? Slnectite 
lexturc 

160.95 Basalt; intersertal to Slnectite 
variolitic texture Chlorite-smectite 

Chlorite, 
Celadonitc 

Analcite, 
Smectite- 
celadonite 

Chlorite-s~nectite, 
Smectite 

165.60 Basalt; fragmental, Celadonite-s~nectite - 
glassy Chlorite-sliiectite, 

Celadonite 

178.05 Basalt; glassy, Chlorite-smectite - Chlorite-s~nectitc Chlorite-s~ncctite 
variolitic texture Smectitc 

188.05 Basalt? Chlorite, Sn~cclite - Chlorite, Sniectite - 

202.30 Basalt glass Smectite, Chlorite - Chlorite S~nectite. Chloritc 
Calcite 

Appendix 3: (Continues in Appendices 4 and 5.) Lithology and secondary mineralogy of the rocks from Hole CY-IA. The secondary minerals 
were determined optically and checked witli X-ray diffraction techniques (see Tablcs 4, 5, and 6). 
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Sample Lithology Secondary Minerals 
Depth(m) Glass Olivine Pyroxene Plagioclase Groundmass Fractures & Veins Vesicles 

2 16.75 Glass; altered Fe-oxides Smectite, Quartz, Chlorite, Stnectite 
Fe-oxides 

238.45 Basalt; glassy, Chlorite K-feldspar(?) - Gypsum Celadonite, 
a plagioclase-phyric Celadonite-smectite, 

Epidote, Gypsum, 
Chlorite(?) 

241.30 Basalt; variolitic to Swelling chlorite - K-feldspar, Epidote Swelling chlorite, Chlorite-srnectite, 
intersertal texture Swelling chlorite Epidote, Quartz, Swelling chlorite. 

Laurnontite Epidote, Gypsum. 
Launlonlite 

245.80 Basalt; glassy Fe-oxides Laumontite, Calcite 

254.00 Basalt; glassy, Chlorite-smectite iddingsite - Chlorite-smectite. Quartz 
brecciated Smectite, Epidote 

266.00 Basalt breccia with Chlorite Chlorite, Epidote Epidote, Chlorite, Quartz, 
ore minerals Amphibole Pyrite 

282.80 Basalt glass; highly Fe-oxides Smectite, Calcite, - 
altered Quartz 

33 1.33 Basalt breccia; Chlorite, Quartz - Chlorite, Epidote, - Quartz, Chlorite 
glassy Albite(?) 

347.00 Basalt; glassy with Epidote, Chlorite - Chlorite Epidote, Chlorite, - Quartz. Chlorite Quartz, Chlorite 
intersertal texture Quark, Albite(?) 

36 1 .OO Basalt; intersertal - Fresh Chlorite, Epidote, - Quartz, Chlorite Quartz, Chlorite 
texture Albite(?) 

367.80 Basalt; glassy Fe-oxides, Smectite, Chlorite, Calcite 
Smectite, Epidote Epidote, Calcite 

380.35 Andesite; trachytic Epidote Epidote, Calcite - Chlorite, Quartz, 
texture Calcite 

394.40 Basalt; variolitic, Chlorite, Epidote - Epidote Corrensite, Chlorite. Calcite, 
highly altered Chlorite, Calcite Corrensite 

406.00 Basalt; intersertal Chlorite, Smectite - Amphibole? Chlorite-smectite Chlorite, Epidote - Smectite, Chlorite, 
texture Calcite 

410.45 Basalt; glassy, Epidote, Chlorite - Epidote, Chlorite, - Chlorite Chlorite, Quartz 
many ore minerals Albite 

421.80 Basalt hyaloclastite Epidote, Chlorite - Epidote, Chlorite, Epidote, Chlorite Quartz, Chlorite, Quartz 
Quartz, Albite Epidote 

423.00 Andesite Chlorite Albite Chlorite, Quartz Chlorite, Quartz, 
Epidote 

438.20 Basalt; pilotaxitic Chlorite Epidote, Albite(?) Chlorite, Epidote - Chlorite, Quartz 
texture 

455.20 Andesite?; brecciated Chlorite Fresh Quartz, Chlorite, Chlorite, Quartz 
Epidote, Pyrite 

462.70 Andesitic basalt; Chlorite Albite Chlorite, Epidote, Pyrite. Quartz, Chlorite, Quartz 
pilotaxitic texture Quartz Epidote 

Appendix 4: (Continues Appendix 3 data.) Lithology and secondary mineralogy of the rocks from Hole CY-IA. The secondary ~ninerals were 
determined optically and checked with X-ray diffraction techniques (see Tables 4, 5, and 6). 
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Sample Lithology Secondary Minerals 
Depth(n1) Glass Olivine Pyroxene Plagioclase Ground~nass Fractures & Veins Vesicles 

48 1.40 Silicic rock; fclsitic Chlorite Albite Chlorite, Calcite Chlorite. Calcite 
texture 

498.63 Basalt; interserral Chlorite Epidote, Albite Chlorite, Quartz, Chlorite, Quartz, Chlorite. Quartz 
texture Calcite, Quartz Calcite Calcite Calcite 

5 16.85 Basalt; interserrel Cl~lorite Epidote, Albite Chlorite. Epidote, Chlorite, Pyrite, Quartz, Epidote 
texture Calcite, Quartz Quartz Quartz Pyrite 

542.55 Basalt; intersertal Chlorite, Epidote, - Albite Chlorite, Epidote, 
texture Quartz, Calcite Calcite 

566.00 Basalt: intersertal Chlorite, Epidote - Fresh Albite Chlorite, Epitlote, Chlorite, Quartz 
texture Quartz, Sulphide Sulphide 

579.30 Epidosite 

593.65 Basalt; intersertal Chlorite, Epidote - Fresh Epidotc, Chlorite, Epidote Chlorite. Pyrite, Chlorite, Quartz 
texture K-Fcldspar Quartz, Calcite 

599.00 Basalt: intersertal and Chlorite, Fresh Chlorite, Albite. - Epidote, Chlorite Quartz, Chlorite, 
variolitic textures Calcite, Epidote Epidote. Calcite Quartz, Calcite Pyrite 

623.35 Andesite; pilotaxitic - Albite Epidote, Chlorite, Quartz, Calcite, 
texture Pyrite, Calcite Pyrite 

63 1.20 Basalt; glassy Chlorite Chlorite, Albite - Calcite Chlorite, Calcite. 
texture Epidote 

658.25 Basalt; many veinlets Epidotc, Chlorite - Fresh Albite Epidote, Quartz, Epidote, Quartz, Chlorite. Quartz, 
Chlorite Actinolite Epidote 

659.60 Basalt; intersertal Chlorite Fresh Albite, Chlorite, Epidote, Quanz, Epidore Quartz. Epidote 
textore Epidote, Quartz Amphibole, Quartz 

Appendix 5: (Completes Appendices 3 and 4 data.) Lithology and secondary tiiineralogy of the rocks from Hole CY- I A. The secondary ~ninerals 
were dctennined optically and checked with X-ray diffraction techniques (see Tables 4, 5, and 6). 
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Abstract 

Drillhole CY-2A was drilled 685 m into the Troodos ophiolite complex (Cyprus) and provides a complete 
section of the oceanic layer 2. The geochemical data supports an earlier conclusion that the Troodos ophiolite 
was formed in a subduction zone environment. Our studies establislied the existence of three significantly 
different, depth-related alteration zones that formed under vely specific alteration conditions. Alteration within 
the uppermost 154m has been caused by oxidative low-temperature rocklseawater interaction. Alteration of 
the lowest portion of the section (300m-685 m) is very clearly the result of upflowing, highly concentrated 
and reducing hydrothermal fluids depositing sulfides on their way upwards, and producing a greenschist facies 
mineral assemblage in the host rocks. The very spectacular middle alteration zone with its pervasive sulfide 
mineralization and its drastic mineralogical and chemical changes is a zone of mixing of upflowing acidic, 
reducing hydrothermal fluids with lower temperature oxidizing seawater solutions circulating in the lava pile. 
From our data we propose a genetic model with respect to the formation of the Agrokipia 'A' and 'B' ore 
bodies. 

Le sondage CY-2A a CtC for6 sur 685m dans le complexe ophiolitique de Troodos et prCsente une section 
complkte du niveau oc6anique 2. Les donnees g6ocliimiques confirment une conclusion preckdente, proposant 
pour la formation des ophiolites de Troodos, un contexte de zone de subduction. Selon la profondeur, nos 
travaux Ctablissent trois zones distinctes d'alteration formCes sous des conditions d'alteration trbs spCcifiques. 
Pour les 154 premiers mbtres, I'altCration rCsulte d'une interaction oxydante basse temp6rature roche-eau de mer. 
Dans la partie infkrieure du sondage (300-685 m), elle resulte trhs clairement de circulations ascendantes, des 
fluides hydrothermaux trks enrichis et rkducteurs dCposant sur leurs passages des sulfures et donnant naisance 2 
un assemblage minCralogique du facies schiste vert dans la matrice. Avec une mindralisation sulfurde diss6minCe 
et une transformation chimique et mineralogique sevkre, la tr&s spectaculaire zone d'altbration intermediaire 
est une zone de melange pour des fluides hydrothermaux acides et riducteurs et les solutions d'eau de mer 
oxydantes de plus basse temperature qui circulent dans l'amas de laves. Sur la base de nos donnCes, nous 
proposons un modkle gCnCtique pour les formations minCralisCes Agrokipia 'A' et 'B.' 
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INTRODUCTION 

The purpose of this study was to provide a detailed geo- 
chemical characterization of a paleo-hydrothermal discharge 
zone that gave rise to the formation of sulfide ore deposits. 
This discharge zone occurs within the volcanic pile of the 
Tyoodos ophiolite complex (Cyprus) and was sampled by 
borehole CY-2A, one of five holes drilled by tlie 'Interna- 
tional Crustal Research Drilling Group' within the frame of 
the Cyprus Drilling Project (Robinson et al., 1987). The hole 
was devoted to the study of the Agrokipia 'A' and 'B' ore 
bodies two of a number of irregularly-shaped sulfide deposits 
scattered throughout the volcanic section of the Troodos Mas- 
sif. These ore bodies are the result of hydrothermal processes 
operating in newly-formed oceanic crust and occur either at 
tlie boundary between the so called Upper and Lower Pillow 
Lavas (UPL and LPL, respectively) or within tlie Lower Pil- 
low sequence. 

The major objectives of our investigations were: 

to establish the primary chemical compositions and vari- 
ations of the rocks recovered from Hole CY-2A 

to define the chemical effects of waterlrock interaction 

to study tlie downhole variation in alteration chemistry 

to interpret the geocliemical behaviour of alteration- 
sensitive elements 

to evaluate the alteration patterns 

to establish a model for the alteration processes and 
alteration conditions 

to combine the chemical findings with tlie results of 
the analysis of the downhole distribution of ore-forming 
elements and ore paragenesis and 

to clarify the origin, transport conditions and deposition 
meclianisms of ore-forming elements. 

SAMPLING AND ANALYTICAL 
PROCEDURE 

Drillhole CY-2A is situated immediately above the Agrokipia 
'B' ore body, some 300m east of the now exhausted 
Agrokipia 'A' ore body (Figure I), a near-surface cuprifer- 
ous sulfide lens developed at the UPLJLPL contact. The 'B'  
ore body had been traced by mining exploration some 120m 
below tlie present surface and is completely within tlie LPL. 
Drilling started in the lowermost portion of the UPL and pene- 
trated through the LPL into the underlying sheeted dyke com- 
plex. The hole reached a depth of 685 m and was completely 
cored. In order to collect a well-defined and complete set 
of samples from Hole CY-2A, two members of our working 
group spent some time in the field laboratory near Agrokipia 
(in December 1983) and carried out detailed petrographic and 

mineralogical studies on the core material. Based on these 
macroscopic investigations a total of 120 rock samples were 
selected which represent all litliological units and comprise 
relatively fresh, as well as completely altered material, and 
all transitions, in between. Out of this collection, 92 sam- 
ples were finally chosen for geochemical and petrographical 
analysis. After the samples were cleaned with distilled water, 
dried, and crushed, they were powdered in an agate mill to 
a grain size (<40pm) suitable for analysis. The following 
analytical techniques were used: 

1. The major oxides (Si02, Ti02, AI2O3, Fe203, MnO, 
MgO, CaO, NalO, K20, and P205) were analyzed by 
X-ray fluorescence (XRF) on samples prepared as fused 
glass discs of lithium metaborate (sample-to-flux ratio 
1 : 4). Analyses were performed on a Philips PW 1400 
computerized spectrometer, and the Philips 'alphas' pro- 
gram was used to calculate concentrations. 

2. Ferrous iron was analyzed by manganometric titration. 

3. ~ 2 0 '  was determined by coulometric Karl Fischer 
titration after thermal decomposition of tlie basalts at 
1 ,200° C. 

4. CO? was measured coulometrically following thermal 
decomposition at 1 ,200°C. 

5. Sulfur analyses were performed on a Leco sulfur deter- 
minator SC 132. 

6. Measurements of Co, Cr, Cu, Ni, Rb, Sr, Y, Zn and Zr 
were conducted by XRF on pressed powder pellets. The 
Rh-compton peak of the X-ray tube was used for matrix 
correction. 

7. Fluorine was analyzed with a fluoride-sensitive electrode, 
following a pyrohydrolytic decomposition and enrich- 
ment method (Erzinger and Puchelt, 1982). 

8. The rare earth elements (REE) were determined by opti- 
cal emission spectroscopy using an inductively coupled 
plasma for excitation (ICP-OES). For this purpose, the 
REE had to be quantitatively separated from rock disso- 
lution and concentrated by a chromatographic technique 
(Zuleger and Erzinger, 1988). 

9. Following the development of analytical methods suit- 
able for the analysis of traces of Cd, Pb and Mo in 
basalts, these elements were determined by flameless 
atomic absorption spectrometly (AAS) in acidic rock dis- 
solution. 

Precision of the determinations was tested by multiple mea- 
surements of selected sdhples; accuracy was checked by 
analyzing different international reference rocks. 
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I SULPHIDE OREBODY I 

Figuie 1: Map of the Troodos ophiolite complex. Drillhole CY-2A is marked by an  asterix. 

RESULTS AND DISCUSSION 

The analytical data obtained on the CY-2A samples are sum- 
marized in Tables 1-4 (see Appendix). The samples are iden- 
tified by their depth. The rare earth element data are presented 
for 24 samples in Table 5 (see Appendix). The samples were 
selected for analysis according to their major and trace ele- 
ment characteristics. 

Stratigrapliically, the section penetrated by drillhole CY-2A 
can be divided into three zones (Figure 2): 

1. The uppermost 295 m represent a volcanic sequence. 
This zone is made up predominantly of massive lava 
flows, with some interlayered pillowed flows and brec- 
cias, sometimes containing thick intercalations of glass; 

2. the volcanic sequence zone is underlain by a 234m tran- 
sition zone consisting of steeply-dipping dykes, cross- 
cutting pillowed and massive lavas; 

3. below 529 m, down to the bottom of the hole, only dykes 
were encountered. This zone is, therefore, regarded as 
the upper portion of a sheeted dyke complex. 

Petrographically and chemically, the recovered rocks can be 
assigned to two compositionally significantly different rock 
series. These can be, for example, unequivocally discrimi- 
nated on the basis of their Ti and Cr contents (Figure 3). The 
uppermost 32 m of the sequence is made up of olivine-phyric 
lavas, characterized by relatively high silica and MgO con- 
tents, and very low abundances of Ti02 (Figures 3 and 4). 
These rocks, which according to their chemical characteris- 
tics belong to the Upper Pillow Lavas, have been variously 
referred to as high-magnesian andesites or boninites. They 
overlie a less-magnesian rock series higher in Ti, ranging 
from basaltic to dacitic with the majority of the rocks being 
andesitic in composition. This series comprises the Lower 
Pillow Lavas and the underlying dykes. The entire drilled se- 
quence is more or less strongly affected by alteration. Macro- 
scopically, three depth-related alteration zones can be distin- 
guished which differ in colour and do not coincide with strati- 
graphically defined zones (Figure 2). 

1. Rocks from the uppetmost 154 m are characterized by a 
brownish alteration colouring; 

2. between 154 and 297m, light-grey colours predominate, 
and most lavas are extremely bleached; 
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Figure 2: Downhole changes in CY-2A in lithostratigraphy, alteration type, and mineralogy. 
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Figure 3: Plot of Ti02 vs. CI. for CY-2A samples. 
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Figure 4: CY-2A downhole variation of SiOz, A1203, 
and MgO. 

3. greenish colours mark the beginning of the lowe~most 
alteration zone, and they grade into an intense green be- 
low 400m. 

This change in alteration colouring reflects significant 
downhole variations in the alteration mineralogy. 'The alter- 
ation minerals and mineral assemblages define three signifi- 
cantly different alteration zones (see Figure 2), and provide 
some info~mation as to the alteration conditions. Charac- 
teristic alteration minerals of the upper alteration zone are 
iron-hydroxides and celadonite which have commonly been 
observed in ocean floor basalts as typical products of subma- 
rine alteration. Their disappearence and the first occurrence 
of illitelsericite, kaolinite, and chlorite together with pyrite, 
mark the beginning of the second alteration zone. This type 
of alteration can be classified as argillitization and typically 
occuls as a result of plagioclase breakdown and calcium and 
sodium removal under the influence of hot acidic solutions. 
Alteration in the lowermost zone occurred under greenschist 
facies conditions as indicated by the presence of albite, chlo- 
rite, and epidote (for further details see Alt and Emme~mann, 
1985, and Alt et al., 1986). The high temperature alteration 
of the middle and lower section was closely connected with 

intense sulfide mineralization. Occurrence, style, and degree 
of mineralization follow the same three-fold subdivision. The 
uppermost alteration zone is virtually free of any visible sul- 
fides. However, a pervasive pyritic mineralization starts in 
the top 15 m of the second alteration zone, and reaches con- 
centrations of up to 30% in brecciated and highly-bleached 
lavas. Occasionally, massive pyrite bands occur as interca- 
lations. Altogether, 1 1 sucli intervals of massive, silicified 
pyrite ore, ranging up to 3.5 m in thickness, were encountered. 
Mineralization in the lowermost zone is mainly restricted to 
fissures, veins, and veinlets. Groundmass mineralization sel- 
dom exceeds 1%. The main ore mineral is pyrite, followed 
by sphalerite and lesser amounts of chalcopyrite, both of the 
latter being very irregularly distributed (Figure 5). 

Alteration and mineralization of the drilled segment of the 
Troodos ophiolite complex caused significant and spectacular 
changes of the original chemical composition of the rocks. 
Evaluation of major and trace element data supports the ex- 
istence of three distinct chemical alteration zones which are 
more or less sharply set off from each other, and enables 
quantitative description of the alteration effects. 

Rocks from the uppermost 154m are characterized by the 
highest iron oxidation ratios, tlie lowest sulfur contents (Fig- 
ure 6), and a considerable potassium enrichment of up to 4% 
in samples whose primary potassium content was less than 
0.3%. At about 154111, there is a sharp decrease in tlie degree 
of oxidation, indicating alteration under extremely reducing 
conditions. At the same time, sulfur exhibits a strong enrich- 
ment. Potassium, as well as rubidium, is still enriched in this 
zone. The pervasive nature of this alteration is documented 
by a strong increase in whole-rock water contents from about 
2% to more than 5%. Below 300m, potassiuln and rubidium 
decrease significantly, and tlie sulfur concentrations are also 
much lower. Iron oxidation remains low but shows a certain 
scatter, due to the different degrees of alteration. 

This obviously drastic change in alteration conditions with 
depth is also port~ayed in the downhole distribution of many 
of the analyzed elements. Sodium and calcium (Figure 6) 
are almost completely leached, and strontium is considerably 
depleted in tlie second alteration zone. On average, however, 
sodium appears to be slightly enriched in the lowe~most al- 
teration zone, whereas calcium is slightly depleted. Barium 
exhibits a very specific behaviour (Figure 5). It is strongly 
enriched in the second alteration zone and obviously depleted 
in the lower section. The greenschist-facies altered rocks suf- 
fered a Mn-enrichment, whereas Mn is slightly depleted or 
enriched in the middle alteration zone, and obviously not af- 
fected in the uppermost portion. Recalculations of tlie ma- 
jor oxides to a dry and reduced base and a no~malization to 
100% reveals that magnesium and aluminium are enriched in 
the second alteration zone. On average, silicon could also be 
slightly enriched within this zone. 

The extent and character of the sulfide mineralization can 
be estimated from the occurrence of pyrite. Pyrite is absent 
in the upper alteration zone, shows a strong enrichment in 
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Figure 5: CY-2A downhole variation of pyrite, Zn, Cu. Cd, Ba, Pb, and Mo contents. 

the second zone with a maximum concentration of more than CONCLUSIONS 
30%, and exhibits a much lesser and rather irregular enrich- 
ment averaging 1 %  in the lowermost alteration zone (Fig- 
ure 5). The chalcophile elements, zinc, cadmium, copper, 
and lead, vary considerably with depth and show either zonal 
or irregular point-like enrichments. Zinc is the most abun- 
dant of these elements and varies between 80 and 4,000 ppm. 
On average, it is enriched in the second and third alteration 
zone, developing concentration maxima at five distinct in- 
tervals. Cadmium whole-rock contents vary between 0.04 
and 6ppm, and are closely correlated with the zinc contents. 
Copper ranges fsom less than 5 to 150 ppm, aside from irreg- 
ular point-like enrichments, is relatively low throughout the 
entire drilled section. With one exception, it even appears 
to be depleted in the strongly mineralized second alteration 
zone. Lead contents are low, Lvith only a few enrichments, 
and molybdenum does not show any systematic variations, al- 
though it is among the elements whose geochemical behaviour 
are thought to be of importance for the understanding of the 
fo~mation of Iiydrothermal ore deposits. 

Summarizing all available data and observations, tlie fol- 
lowing statements and conclusions can be made. Drillhole 
CY-2A provides a complete section from tlie Upper Pillow 
Lavas through the Lower Pillow sequence to the underlying 
sheeted dyke complex. This section is built up of two com- 
positionally different rock series. The Upper Pillow Lavas 
are high magnesium andesites with a very low content of in- 
compatible elements. This is especially well documented by 
the respective chondrite-no~malised REE distribution patterns 
(Figure 7), which show a strong depletion in LREE-and very 
low overall REE abundances. The Lower Pillow sequence 
and most dykes are basalt-andesitic to dacitic socks, that 
according to their chemical cliaracteristics (for example the 
REE patterns), resemble evolved island-arc tholeiites. These 
chemical data, therefore, support the conclusion of Robinson 
et al. (1983) that the Troodos ophiolite complex was formed 
in a subduction zone environment. lie occurrence of two dis- 
tinct magma series indicates tliat the processes of magma gen- 
eration and crustal accretion were much more complex than 
those associated with present-day mid-ocean ridge systems. 
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CaO 

Figure 6: CY-2A dowlihole variation of alteration sensitive chemical parameters (Oxidation-Index is calculated as 
FezO3 x 1 0 0 / F e ~ O ~  + FeO). 

pathways, depositing sulfides on their way upward, and pro- Figure 7: Chondrite-normalized rare earth element dis- 
tribution patterns of CY-2A samples. ducing a greenschist facies mineral assemblage in the host 

rocks. Chemically, this type of alteration is characterized by 

LP sequence and dykes 
Iow.Mg andesiter 

,, . 

UP sequence 
high.Mg andesiles 

- 

P 

La Ce Pr Nd 

a slight sodium enrichment and a concomitant calcium de- 
pletion, a significant increase in the manganese whole-rock 

However, because of an intense alteration and mineralization concentrations, and a pronounced leaching of potassium, ru- 
of the drilled section, a more detailed genetic evaluation of bidium, and barium. 
the data appears to be impossible. 

Mineralogical and chemical studies establish the existence 
of three significantly different, depth-related alteration zones 
that formed under very specific alteration conditions. Al- 
teration within the uppelmost 154m has been undoubtedly 
caused by low temperature rocktseawater interaction which 
resulted in a considerable potassium and rubidium uptake, 
a strong iron oxidation, and an almost complete sulfur loss 
through sulfide oxidation, because of the high oxidation abil- 
ity of seawater. This type of alteration has been encountered 
in many ocean-floor basalts recovered from DSDP drillholes. 
Alteration of the lowest portion of the section is very clearly 
the result of upflowing, highly concentrated and reducing hy- 

Sm Eu Cd Tb Dy Ho Er Tm Yb Lu drothemal fluids that used fractures, veins, and veinlets as 



88 Geoc1iemistr;y of Alterrcl Lnvas of ttle Trooclos Ol~hiolite, Hole CY-2A 

I. 
La Ce Pr NU 

. I 
Sm Eu Gd Tb Dy Ho Er Tm Yb Lu 

Figure 8: Chondrite-normalized rare earth element dis- 
tribution patterns of highly bleached lavas from the 
second alteration zone. 

We interpret the very spectacular middle alteration zone 
with its pervasive sulfide mineralization and its drastic min- 
eralogical and chemical changes as being a zone of mixing 
of upflowing acidic, reducing hydrothermal fluids with low 
temperature oxidizing seawater solutions circulating in the 
lava pile. Such ore precipitations and element enrichments 
would be expected to occur where highly-concentrated metal 
and sulfur-rich hydrothermal fluids came into contact with 
solutions lower in temperature and complexing anions, and 
with different redox properties. Sulfide precipitation drasti- 
cally changed the elemental concentrations of the solution, 
and thereby strongly enhanced its ability to leach other el- 
ements like calcium and sodium. The dominant effect of 
plagioclase breakdown is underlined by the REE patterns of 
the highly-bleached rocks that show a pronounced negative 
Eu-anomaly (Figure 8). 

Post mineralization 
Sediments 
Massive cupriferous sulfide 
deposit 

No visible mineralization 

Pervasive pyritic mineralization 
(zones of Zn - enrichment) 

Massive silicified ore bands 
(up lo 3.5 m l  

Mineralization mainly restricted 
to fractures, veins and veinlets 

Hot, reducing. acidic, highly 
concentrated upwelling fluids 

Figure 9: Drillhole CY-2A Agrokipia: Mineralization 
pattern and fluid motion. 

GENETIC MODEL 
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With respect to the formation of the Agrokipia 'A' and 'B'ore 
bodies, the following picture emerges (Figure 9). Both de- 
posits are genetically closely related, and were formed at dif- 
ferent levels within a hydrothermal discharge zone. The 'B' 
ore body is a replacement deposit developed by subsut-face 
mixing of these fluids with seawater circulating within the 
lava pile, and constitutes a mineralized stockwork. The 'A '  
oi-e body is a massive, tectonically controlled sulfide deposit, 
thought to have precipitated in a depression on the ancient 
seafloor from solutions that discharged through the stockwork 
beneath. The enrichment of copper in the massive ore and its 
obvious depletion in the stockwork, suggests a close chemical 
interrelationship between these two types of deposits. Sulfide 
formation definitely took place before the deposition of the 
Upper Pillow sequence, as is proved by the occurrence of 
differently altered and non-mineralized feeder dykes of Up- 
per Pillow Lavas encountered deeper in the hole. 
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1 Dcpth(ln) I Si02 TiOz A1203 Fe?Ol FeO MnO MgO CnO NazO KzO P205 H?O C02 Pyrite 

Table 1: Major element oxides and pyrite (wt.%); '-' = not determined. 
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1 Depth(m) 1 Si02 Ti02 A1203 Fe203 FeO MnO MgO CaO Na2O Kz0 PzOs H z 0  C01  Pyrite I 

Table 2: Major element oxides and pyrite (wt.%); '-' = not determined. 
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Table 3: Trace element data (all values in ppm; Cd in ppb); '-' = not determined; n.d. = not detectable. 
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Depth(m) Rb Sr y Zr Zn Cu Pb Cd Mo Co Ni Cr Ba 

317.15 <5 32 19 59 419 757 3.4 160 - 25 10 34 28 

319.95 <5 55 37 94 185 292 5.0 80 - 13 <5 8 22 

322.85 <5 56 38 97 1326 74 6.0 - 13 <5 8 28 

326.55 <5 63 30 74 155 34 5.0 - - 31 10 29 -

338.45 <5 63 28 76 145 43 5.0 - - 32 7 28 27 

341.95 <5 68 35 82 989 37 9.0 - - 22 <5 13 -

353.30 <5 71 37 89 242 34 2.9 60 - 12 <5 8 24 

363.80 <5 78 27 66 110 52 - - - 35 8 34 -

364.00 < 5 77 28 67 100 49 - - - 39 11 35 -

365.25 <5 99 26 67 146 46 - - - 35 9 34 

370.55 < 5 97 26 63 Ill 52 0.9 100 - 38 10 36 11 

385.95 <5 95 35 85 423 <10 - n.d 0.8 21 <5 10 5 

390.85 <5 95 37 91 286 36 2.5 n.d. - 21 <5 9 8 

393.35 <5 90 39 87 243 19 - - - 21 <5 11 -

397.90 < 5 90 37 93 363 < 10 - - 19 < 5 10 -

403.20 <5 74 33 76 849 1512 2.0 1620 0.5 22 < 5 20 14 

407.70 < 5 40 15 78 475 19 - - 31 < 5 31 -

414.80 <5 79 42 Ill 4045 197 5.0 5800 - 15 < 5 10 5 

421.62 <5 89 42 116 504 22 5.0 180 - 19 <5 8 11 

438.45 <5 82 30 83 123 25 5.0 - 0.7 36 8 31 12 

445.20 < 5 65 40 108 365 20 6.0 - 0.3 19 <5 9 9 

446.20 <5 90 39 110 492 21 5.0 - - 18 <5 9 -
458.28 <5 38 34 91 935 20 59.0 1650 - 36 5 46 n.d. 

467.70 <5 103 27 70 248 73 1.6 n.d. - 30 LO 29 10 

469.85 < 5 93 27 67 169 100 - - - 26 11 33 -

484.70 <5 92 32 87 169 20 - - - 20 <5 15 -
499.25 <5 70 40 Ill 329 17 9.0 - - 24 <5 13 -
499.70 < 5 84 32 80 177 < 10 1.6 n.d. - 24 <5 13 11 

505.58 < 5 55 30 83 218 172 1.2 100 - 34 7 29 7 

544.30 <5 68 36 98 157 <10 - - - 21 < 5 16 -

550.55 <5 57 30 78 160 227 0.9 n.d .. - 29 11 29 6 

556.12 <5 77 25 62 82 28 - - - 38 13 31 -

593.25 <5 63 29 83 115 14 - - - 32 < 5 25 -
601.18 <5 68 26 69 283 365 5.0 40 n.d 41 12 37 3 

604.70 <5 84 27 73 317 18 0.7 n.d. 0.7 30 12 26 13 

608.75 < 5 86 26 73 531 23 0.6 lOO 2.4 34 13 31 4 

616.55 < 5 79 27 70 307 355 5.0 - - 33 10 33 -

624.25 <5 80 27 74 407 107 - - - 32 11 29 -

635.48 <5 85 25 63 212 169 - - - 30 7 34 -

643.45 <5 94 38 101 114 20 - - - 22 <5 19 -

648.16 <5 82 31 84 173 < 10 5.0 - - 21 <5 18 -

652.05 <5 Ill 18 52 82 104 - - 0.4 36 8 20 20 

672.55 < 5 87 30 78 141 10 - - - 31 6 22 -

682.18 < 5 69 37 102 103 14 - 40 - 16 <5 14 9 

688.50 <5 80 28 80 153 87 - - - 21 < 5 21 -

Table 4: Trace element data (all values in ppm; Cd in ppb); '-' = not determined; n.d. = not delectable. 
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Table 5: Rare earth element data (values in ppm); '-' = not determined 
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Abstract 

Rocks of Drillholes CY-1 (478.88m deep) and CY-IA (701.19m deep) belong to the two series: (a) the 
andesitic to rhyodacitic High-Ti Series (HTS) in the lower part of the sequence and (b) the basaltic andesitic 
to andesitic Low-Ti Series (LTS) in the upper part. Changes in the major element concentrations of the lavas 
due to reaction with convecting seawater and hydrothermal solutions were calculated. 

Four alteration zones were distinguished: (A) Highly oxidative cold seawater alteration (CSW) with inferred 
extremely high seawaterlrock ratios (> 100). This zone, which is present in the uppermost 220m of Hole CY-I 
is characterized by strong enrichment in K20 and depletion in Na2O. Temperatures probably were in the range 
between 80 and 4OC. (B) Low temperature hydrothermal alteration (LTA) with abundant smectite, smectite- 
chlorite mixed layer clay minerals, and celadonite extends down to a crustal depth of about 700m. Two- to 
three-fold enrichment in K20 and moderate enrichment in Na20 are discriminators for the LTA-zone. Inferred 
temperatures are < 170°C, mean seawaterlrock ratios around 20 (<350°C). (C) High temperature hydrothermal 
alteration (HTA) is reflected by the paragenesis of epidote, sphene, and chlorite and is characterized by almost 
complete K20 removal and moderate to strong NazO uptake. It occurs in Hole CY- IA below 27 1.20 m in a 
dyke swarm extending upward into the extrusive rocks. Mean seawaterlrock ratios were estimated to be below 
15. (D) A transitional zone (TZ) with characteristics of low temperature Iiydrothermal alteration overprinted 
by cold-seawater alteration was distinguished in the range of 240 to 340m depth in CY-I. 

Les roches du trou de forage CY-1, 478,88 mbtres de profondeur et CY-IA, h 701,19 mktres de profondeur, 
appartiennent deux stries: (a) les stries andesitiques h rhyodacitique, avec un contenu trks &eve en Titane 
situtes dans la partie infkrieure de la dquence, et (b) les series andesitique basaltique ii andesitique, de 
faible contenu en Titane, dans la partie superieure. Les modifications dans les principales concentrations 
d'tltments des laves causCes par les reactions avec les courants de convection de I'eau de mer et les solutions 
hydrothermales ont CtC calculCes. 

On a ainsi dtabli quatre zones d'alteration: (A) une alteration hautement oxydante de I'eau de mer froide 
avec des rapports infer& extrsmement Clevdes eau de merlroche (>loo). Cette zone qui se trouve dans les 
220 mbtres superieurs du trou CY-1 est caract6risCe par un fort enrichissement en K20 et un appauvrissement 
en NazO. Les temperatures y Ctaient probablement de I'ordre de 80 a 4'C; (B) une alteration hydrothemale 
de basse temperature avec une abondance de smectite, des couches amalgamtes de minCraux d'argile et de 
smectite-chlorite et de celadonite jusqu'h une profondeur de 700m de la croate. Les discrimants pour la zone 
de basse temperature sont I'apport en K20, qui est de deux h trois fois plus Clevt, et un apport modere en 
Na2O. Les temperatures inftrtes sont inferieures h 170°C, les rapports moyens eau de merlroche sont de 20 h 
350°C. (C) La paragenkse de l'tpidote, du sphbne et du chlorite reflktent une alteration hydrothermale il haute 
temperature. Elle est aussi caracttriske par une disparition presque complbte de K20 et une remontee moderte 
ou forte de Na20. Elle a eu lieu dans le trou CY-IA au-dessous de 271,20m dans un esssaim de dykes qui 
se prolonge en hauteur dans les roches extrusives. On estime que la moyenne des rapports eau de merlroche 
est inferieure 15. (D) une zone de transition (ZT) dotCe des caractCristiques d'une alteration hydrothemale 
A basse temperature surimpressionnCe par une alteration d'eau de mer froide a CtC observee entre 240 et 340m 
de profondeur dans CY- I .  
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INTRODUCTION 

Four lioles with a total depth of 2.2 km and a mean core recov- 
ery of 90% were drilled in Cyprus into tlie Extrusive Series 
on tlie flanks of the Troodos opliiolite complex (Cyprus, East- 
ern Mediterranean) by the Cyprus Crustal Study Project. A 
fifth site (CY-4) was located near the base of the Sheeted 
Dyke Complex and reached a final depth of 2263m within 
ulttamafic cumulates in tlie lowelmost parts of the ophiolitic 
crust. In Holes CY-2 (Figure I, depth: 226.16111) and CY- 
2A (depth: 689.15 m), which were drilled directly into the 
stockwork-like ore bodies Agrokipia A and B, low- (<50°C) 
to high- (>300°C) temperature alteration zones were distin- 
guished (Sunkel et al., 1987; Herzig and Friedrich, 1987). 
Holes CY- I, 478.88 m deep (35°02'121'N, 33' 1013811W), 
and CY- I A, 70 1.19 m deep (35'02' lOUN; 33' 10129"E) were 
drilled in the Akaki River Canyon in an attempt to recover 
a complete profile of the Extrusive Series from the contact 
with the overlying Lefkara Group chalks of Maastriclitian 
age (Blome and Irwin, 1985) to tlie highly irregular lower 
boundary with the Sheeted Dyke Complex ('Basal Group'). 

Figure 1: Simplified geological map of the norlheast- 
ern Troodos ophiolite complex (Cyprus) showilig lo- 
cations of river canyons, Holes CY- I to CY-4 and Mt. 
Kionia. Vertical hatching: High level plutonics atid 
Sheeted Dyke Cornplcx; Open circles: Extrusive Se- 
ries; Blank: Sedimentary Cover. 

Hole CY-I can be divided into three volcanic units (A, 
B, C), each about 150m thick (Figure 2; Bednarz, 1988) 
based on modal compositions and on major extrusive rock 
types. The upper two units correlated with field units A and 
B in tlie Akaki River which were mapped earlier (Sclimincke 
et al., 1983; Rautenschlein, 1987; Schmi~icke and Rauten- 
schlein, 1987). Field unit C was not reached by Drillhole 
CY-I, which is located about 1 km to the north of tlie upper 
boundary of Unit C in the field. 

The Akaki section is disturbed by at least two normal NE- 
SW trending faults which may represent tlie flanks of a re- 
gional graben structure (Figure 3, probably tlie eastern ex- 
tension of the Mitsero graben of Varga and Moores, 1985). 
Faulting makes extrapolation of individual units between tlie 

Table 1: Summary of chcmical and pctrological char- 
actcrislics of High- and Low-Ti Series. 

two lioles and of drillhole and field units impossible. In this 
report, however, we discuss tlie alteration patterns of CY-I 
and CY-IA as reflecting a single stratigraphic profile. 

Low-Ti Scries 

basaltic andesite- 
andesite 

high 

200-500 m 

0.6 TOl 
7.5 wt.%FeO" 
175 ppm V 

01 <50 
cpx <10 
plag < 1 

cliro~nitc < 1 

Rock Types 

St~.atigr;~pllic 
position 

Thickness 

Composition at 
57 wt.% SiOr 

Phenocryst 
content (vol. %) 

Two magmatic series where distinguished in Drillholes CY- 
I/CY-IA and in Holes CY-2/CY-2A (Bednarz et al., 1987) 
differing in mineralogy and concentrations of stable elements 
and bulk composition of glass separates (Table I): ( 1 )  a 
High-Ti Series (HTS), mostly andesites and dncites; and (2) a 
Low-Ti Series (LTS), tnostly basaltic andesites. Major cliar- 
acteristics are summarized in Table 1. These two series are 
dominant in tlie not-theastern section of the Troodos opliio- 
lite complex. In the field two more magmatic series can be 
recognized (Bednarz, 1988). whose abundance is, however, 
comparatively rare. 

High-Ti Series 

andesilc - rI1yod;sile 

low 

300-600 m 

I. I wt.% TiOl 
1 1.5 WI.% FeOO 
350 ppln V 

plag <I 
cpx <I 

opxlpig < I 
Fe-Ti oxidcs < I 

(a) Relatively mafic (mostly pillowed) lavas with low Ti02 
concentrations (0.7 to 1 wt.%) are found in small screens be- 
tween dyke swarms in the transitional zone between the ex- 
trusive part of the crust and the Sheeted Dyke Complex (Lo- 
LTS). Little is known about the original chemical composition 
of this series because of pervasive alteration, but it is sus- 
pected that the magmas of this series may have been related 
to the HTS-lavas (Bednarz, 1988). 

(b) Lavas with essentially the same major element concen- 
trations as the LTS, but different trace element characte~.istics, 
built isolated volcanic edifices at tlie top of the extrusive sec- 
tion (Bednarz, 1988). They differ from the LTS by having 
lower absolute concentrations of rare ea11h elements (REE), 
large ion litliopliile elements (LILE) and high-field strength 
elements (HFSE), as well as by differences in discriminat- 
ing trace element ratios. A low CelTa-ratio averaging around 
34.0, for instance, reflects the lack of a negative Ta-anomaly 
distinctive for the other Troodos magmatic series (Bednarz, 
1988) and for arc-related magmas i n  general (e.g. Ewart and 
Hawkesworth, 1987). 
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PLAGIO - 
OLIVINE PYROXENE CLASE VESICLES 

Figure 2: Modal contel~t (vol.%) of phenocrysts and vesicles in lavas from CCSP Hole CY-I. Units A and B 
(each about 150m thick) are correlated to field units A and I3 of Schmincke et al. (1983). Note logarithmic scale 
for olivine content. 

HIGH-TI SERIES EXTRUSIVE5 LAPITHOS GROUP CHALKS 

A -L :  LITHOLOGIC UNITS AFTER SCHMINCKE ET AL (1983) 

Figure 3: Interpretation of the structure of the extrusive sequence and the upper part of the Sheeted Dyke Complex 
in the Akaki Canyon From Hole CY-IICY-I A and field evidence. 
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ANALYTICAL METHODS 

Seventy-four samples from CY-I and 50 samples from 
CY- 1 A were chemically analyzed by X-ray fluorescence 
methods on glass fusion beads, using a fully automated Philips 
PW 1400. In addition, 22 handpicked glass samples of pil- 
low rinds, brecciated and massive sheet flows from the Akaki 
River section, from the drill core of CY-2 and from the Pe- 
diaeos River area were analyzed by the same methods. 

The fusion beads consist of rock powders (dried at 100°C 
overnight) and flux (lithium metaborate and lithium tetrab- 
orate, Merck A 12) in the ratio 1 : 4, melted at 1000°C for 
10 minutes and poured into a 34mm diameter pellet mold. 
~ e ~ +  was determined by semi-automatic potentiometric titra- 
tion of the hydrofluoric acid-silver perchlorate digested sam- 
ple, with standard potassium bromide solution. C02 was de- 
termined by closed system coulometric titration of a barium 
perchlorate solution into which were passed the gases pro- 
duced by passing oxygen over the sample roasted in a tube 
furnace. ~ 2 0 '  was measured by closed system coulometric 
titration of a nonaqueous Karl Fischer reagent into which was 
passed the carrier gas (N2) containing water stripped from the 
sample by heating in a Pt-crucible to 1,300°C with an induc- 
tion furnace. 

Glass samples were crushed with a steel mortar. The 
< 1 mm fraction was handpicked and cleaned repeatedly in 
an ultrasonic bath. Grain sizes of the samples prior to grind- 
ing ranged from 0.5 to 2mm. 'Contamination' of the glasses 
by adhering alteration products ('palagonite,' clay minerals) 
was estimated to be <lo% and, in many samples, <5%. 
Fifty-two thin sections of CY-I rocks and 36 thin sections of 
CY-1A rocks were studied petrographically. Modal amounts 
of prima~y and secondary phases were determined by point- 
counting. About 150 microprobe analyses were carried out 
(primary and secondary mineral phases) on 10 polished thin 
sections from CY-1 and CY-1A cores using a wave disper- 
sive automatic microprobe CAMEBAX. A defocused beam 
(5 X 5 ym) with a filament current of 14nA, an acceleration 
voltage of 15 kV, and a counting time of 10 seconds were 
used. Secondary phases from veins and vesicles were also 
analyzed by XRD - methods. 

MODAL COMPOSITION AND 
IGNEOUS TEXTURES 

The description of modal compositions and igneous textures 
is mainly based on Bednarz (1988) and includes evidence 
from rock samples taken in the Pediaeos River area west of 
Kambia village which is adjacent to the Akaki River Canyon. 

High-Ti Series (HTS) 

The aphyric to slightly phyric-glomerophyric rocks of the 
HTS vary texturally and include hyalopilitic, intersertal, 
hyalo-ophitic, subophitic and ophimottled textures. The 

modal ratio of groundmass plagioclase to clinopyroxene (as 
determined by point-counting) is in  the range of 50 to 100, 
whereas Fe-Ti oxides contents in the groundmass range from 
5 to lOvol.%. Augite and plagioclase are common phe- 
nocrysts throughout the HTS, but liypersthene is mainly re- 
stricted to the more mafic members such as basaltic an- 
desites and andesites. Low-Ca pyroxenes which occur in the 
more evolved HTS-lavas include Mg-, intermediate- and Fe- 
pigeonites and, in some rocks, subcalcic ferroaugites. Ac- 
cessory titanomagnetites are common whereas phenocrysts of 
ferrian ilmenite are sparse. The following phenocryst assem- 
blages were observed: 

1. Basaltic andesites and andesites: 

augite + plagioclase + magnetite 

augite + hyperstliene + plagioclase + magnetite 

augite + ferriferous pigeonite + hypersthene + 
plagioclase + magnetite 

2. Dacites and rhyodacites: 

ferriferous pigeonite + subcalcic ferroaugite + 
plagioclase + magnetite + ilmenite 

augite/ ferroaugite 
+ magnesium pigeonite/intermediate pigeonite + 
plagioclase + magnetite 

intermediate 
pigeonite/ferriferous pigeonite + augite/subcalcic 
ferroaugite + bronzite + plagioclase + magnetite 

The total phenocryst content rarely exceeds 1 vol.%, relative 
abundances are normally plagioclase > clinopyroxene > low- 
Ca pyroxene > magnetite > ilmenite. Plagioclase seems to 
have been precipitated before pyroxene, based on evidence 
from glomerophyric clusters. 

Some plagioclase crystals are > 1.5 mm long, with slighily 
elongate to tabular appearance. Small crystals are frequently 
twinned. The outermost rim, compositionally different from 
the core of the crystal, may form very elongate spikes, typ- 
ical of strong undercooling and commonly associated with 
vitric textures. Morphologies are euhedral to strongly cor- 
roded with all transitions in individual samples. Corrosion 
and/or rapid crystal growth is obvious from sieve-like tex- 
tures with glass 'inclusions'. Skeletal structures of plagioclase 
crystals are interpreted as selective corrosion which only af- 
fected distinct compositions in zoned crystals. Many larger 
phenocrysts, when intact, show patchy extinction and normal, 
reverse, complex or oscillatory zonation. 

Euhedral to anhedral augite phenocrysts rarely exceed 
1 mm in size and have a slightly elongate to tabular appear- 
ance. Very patchy, irregular optical extinction is typical, es- 
pecially in anhedral phenocrysts. Hypersthene phenocrysts, 
mostly euhedral, may reach 2.8mm in length, and are eas- 
ily recognized by their extremely elongate, needle-like shape 
with aspect ratios of up to 12. Some orthopyroxenes with 
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rounded contours show evidence for resorption. Pigeonites 
ase mostly euhedral to subhedral and are distinguished from 
Ca-rich pyroxenes by characteristic elongate, wedge-shaped 
forms and lower birefringence. Evidence for compositional 
instability is common. Euhedral, subhedral, dendritic and 
corroded opaque phenociysts, some reaching up to 0.5 mm in 
diameter, occur as isolated grains or in glomerophyric clus- 
ters with plagioclase and augite. Fe/Ti-oxides belong mainly 
to the ulvijspinel - magnetite solid solution series. Members 
of the ilmenite - hematite solid solution series are rare (mi- 
croprobe data from Bednarz, 1988) as in other arc-related 
lavas, probably due to the generally low Ti02-concentrations 
in these magmas (Ewart, 1976). 

Low-Ti Series (LTS) 

Igneous textures of these aphyric and slightly to strongly 
phyric-glomerophyric rocks are normally hyalopilitic, liyalo- 
ophitic, subophitic and ophimottled. Vitric groundmass tex- 
tures are mainly restricted to the chilled margins of pillow 
tubes and pillow-rind breccias. The groundmass assemblage 
is essentially the same as in the HTS, however with a no- 
ticeably higher clinopyroxene (modal ratio plag : cpx <5) and 
lower Fe-Ti-oxide content (<5 vol.%). 

Observed phenocrysts assemblages are: 

olivine + clinopyroxene f chromian spinel 

clinopyroxene f plagioclase 

Where present, olivine is generally the dominant phenoctyst 
phase with volume ratios of up to 50 over clinopyroxene and 
modal concentrations of up to 50vol.% in some rare picritic 
samples. However, these extreme concentrations, where ob- 
served in the field (Bednarz and Schmincke, 1987), can all 
be related to post-eruptive settling of crystals in lava flows 
or sills (concentrations in the lower part of the bodies) or to 
flow differentiation in pillow tubes and dykes (concentration 
in the central portions of the lava bodies). 'Normal' modal 
olivine contents rarely exceed about 4vol.%. Fresh olivine 
is rarely preserved and is restricted to fresh glassy rinds of 
pillow tubes or as relics in picritic megacrysts. Preserved 
outlines of olivine crystals, generally <500pm in diameter, 
suggest predominant euhedral to subhedral shapes. In picrites, 
single olivine grains may be up to 5 cm across. Olivine has 
abundant inclusions of chromian spinel especially in picrites, 
and also partly crystallized glass inclusions up to 0.8 mm 
in diameter. Crystals in these were identified optically as 
cpx f opx f chromian spinel. 

Clinopyroxene, rarely exceeding 0.7 mm in diameter, is eu- 
hedral to subhedral, occasionally anhedral. It is light green 
and commonly exhibits a patchy, irregular optical extinction. 
Modal concentrations rarely exceed about 4vol.% but may 
reach up to 10vol.% in picritic cumulates. Plagioclase is 
generally absent as a phenocryst phase in LTS rocks. Eu- 
hedral to subhedral lath-shaped crystals, generally less than 

Figure 4: Photomicrograph of concentric growth of 
celadonite and smectite (S) in a vesicle of sample 
27.70 m (CY- I A). Celadonite (C,): yellow-green; 
celadonite (Co): turquoise; dark patches: fresh tilano- 
magnetite; (from: Gotte, 1986). Long side of photomi- 
crograph: about 1.2 mm. 

500pm in length, may constitute up to 2 vol.% in some vol- 
canic units. Chromian spinel occurs as inclusion in olivine 
(here also frequently in glass inclusions) or is intergrown with 
olivine mainly close to the olivine grain boundaries. It fosms 
euhedral, equant grains, though rounded contours are also 
common. The size of chromian spinels appears to have a 
bimodal distribution with one set of larger crystals reaching 
about 0.6mm in diameter and a second set rarely exceed- 
ing 100 pm in diameter. The colours range from translucent 
dark reddish/brownish to dark brownish/blackish to almost 
opaque. Microprobe analyses of Bednarz (1988) suggest that 
the variation of colour intensity correlates positively wit11 the 
chromium concentration in the spinels. 

OCCURRENCE AND CHEMISTRY 
OF SECONDARY MINERALS 

Celadonite 

Celadonite occurs only locally in tlie lower 250m of 
Hole CY-1. It is a common vesicle-filling mineral from 10.5 
to 185.7 m in Hole CY-IA, and locally also replaces inter- 
stitial glass and primary phases. Colour variations in the 
normally cryptocrystalline to fibrous aggregates range from 
distinct bluish-green or turquoise, to grass- or yellow-green. 
Potassium contents generally exceed 3 wt.% (Table 2). High 
FeO concentrations of 21.97 to 24.04wt.% in yellow-green 
celadonites may be due to a nontronite component. Bluish- 
green celadonites are characterized by lower FeO concentra- 
tions of 11.63 to 17.1 1 wt.% with ranging from 3.23 
to 9.98wt.% and SiOz ranging from 50.08 to 55.44wt.% 
(Figure 4, Table 2). 
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Table 2: Electron microprobe analyses of clay minerals from Drillholes CY-I and CY-1A. n.a. not analyzed; 
n.d. not detected; * in  vesicle;^ replacing plagioclase; X replacing pyroxene; + replacing interstitial glass. 

Deptli 

SiO? 
Ti02 
A1?O3 
FeO 
M nO 
MgO 
CaO 
Na20 
K20 

Total 

Si 
Ti 
Al 
~ e * +  
M n 
Mg 
Ca 
Na 
K 

Total 

Smectite 

Celad. Celad. Celad. Celad. Beidel. Palyg. Sapon. Sapon. Sapon. Nontr. mixed mixed mixed mixed 
+ * X X + X + * + 0 * + 0 X 

CY-I CY-1 CY-IA CY-IA CY-IA CY-I CY-I CY-IA CY-IA CY-IA CY-IA CY-IA CY-IA CY-IA 
286.6111 286.6111 10.5 n~ 10.5m 10.5m 54.7m 430.61n 10.5 In 27.71n 27.7m 10.5m 224.4111 224.4m 641.7111 

57.16 54.46 55.45 48.44 53.20 43.97 48.59 43.47 44.80 41.69 35.43 30.89 38.15 34.36 
0.29 n.d. 0.10 0.27 0.14 0.22 0.13 0.18 n.d. n.d. 0.05 0.03 n.d. 0.07 
2.50 2.43 3.78 6.89 23.72 14.83 4.38 8.64 5.72 5.83 11.05 11.87 9.95 14.39 

21.20 19.06 18.02 21.62 1.46 13.17 8.59 12.50 16.57 18.46 12.91 21.25 17.51 12.16 
0.02 0.02 0.10 0.02 0.08 0.17 0.09 0.27 0.08 0.11 0.38 0.25 0.20 0.57 
6.90 5.87 5.49 4.51 1.92 10.72 19.54 18.48 16.04 13.83 21.06 14.04 17.28 22.23 
0.52 0.36 n.a. n.a. 8.06 0.41 0.93 0.71 0.13 0.67 0.34 0.39 0.97 0.83 
1.42 0.52 0.13 0.68 4.35 0.57 1.73 2.35 2.44 2.89 1.05 1.21 2.52 0.21 
4.02 6.88 10.75 6.58 0.69 2.77 0.21 0.38 0.20 0.04 0.04 0.02 0.09 0.01 

94.03 89.60 93.82 89.01 93.62 86.83 84.19 86.98 85.98 83.52 82.31 79.95 86.67 84.83 

Numbers of ions on the basis of 22 oxygens 

8.289 8.367 8.240 7.659 7.051 6.700 7.407 6.642 7.031 6.876 5.800 5.510 6.082 5.433 
0.032 n.d. 0.011 0.032 0.014 0.025 0.015 0.021 n.d. n.d. 0.006 0.004 n.d. 0.008 
0.427 0.440 0.662 1.284 3.705 2.663 0.787 1.556 1.058 1.133 2.132 2.496 1.870 2.681 
2.571 2.449 2.239 2.859 0.162 1.679 1.096 1.597 2.174 2.547 1.768 3.171 2.334 1.607 
0.002 0.003 0.013 0.003 0.009 0.022 0.012 0.035 0.01 1 0.015 0.053 0.038 0.027 0.076 
1.491 1.344 1.216 1.063 0.379 2.435 4.440 4.208 3.752 3.400 5.139 3.733 4.106 5.239 
0.08 1 0.059 n.a. n.a. 1.145 0.067 0.152 0.116 0.022 0.118 0.060 0.075 0.166 0.141 
0.399 0.155 0.037 0.208 1.118 0.168 0.511 0.696 0.742 0.924 0.333 0.419 0.779 0.064 
0.744 1.348 2.038 1.327 0.1 17 0.538 0.041 0.074 0.040 0.008 0.008 0.005 0.018 0.002 

14.036 14.165 14.456 14.435 13.700 14.297 14.461 14.945 14.830 15.021 15.299 15.451 15.382 15.251 

Smectite is the most abundant alteration mineral in all rocks 
of CY-1 and from 10.5 to 288.55m in CY-1A. It replaces 
interstitial glass, plagioclase and pyroxenes and is a major 
vesicle-filling phase. 

Crystals are non- to weakly pleochroic, varying from dark- 
to pale-brown or pale olive-brown. Smectites which replace 
interstitial glass usually occur as cryptocrystalline aggregates 
with low refractive index and low first order birefringence, 
whereas a scaly texture is typical of those which replace pla- 
gioclase. 

The MgO content of smectite ranges between 20.2 wt.% in 
the dark-brown saponites and <16wt.% in the olive brown 
nontronites (Table 2). The SiIAI and Fe/Mg ratios of the 
smectites vary rather systematically, depending on the chem- 
ical composition of the whole rocks. Both ratios are lower in 
smectites from basaltic andesites of the LTS, than in those of 
the more silicic rocks of the HTS. 

vesicle fillings below 336.5m. They are common in vesi- 
cles of CY-1A between 10.5 and 288.5m and decrease in 
abundance below 357.7 m. They are, however, the domi- 
nant alteration product of clinopyroxenes, especially below 
641.7m. Generally strongly pleochroic mixed layer miner- 
als are distinguished from smectites by their higher refractive 
index and higher birefringence. Colours vary from dark olive- 
green, slightly bluish in vesicles, to pale olive, and slightly 
brownish in clinopyroxene pseudomorphs. Mixed layer min- 
erals filling vesicles usually form fibrous radiating aggregates 
whereas those replacing clinopyroxenes are characterized by 
a more platy appearance. Mixed minerals differ chemically 
from chlorite in having higher Si and lower Al concentra- 
tions (Figure 5) and lower totals. Atomic Si+AI is generally 
<8 (on the basis of 22 oxygens), not sufficient to fill the 
tetrahedral position in the crystal structure (Table 2), unlike 
smectites. 

Chlorite 
Smectite-Chlorite Mixed Layer Minerals 

Chlorite is the most widespread alteration mineral below 
The term mixed mineral is used for sheet-silicates which 254m of Hole CY-IA. It mainly replaces interstitial glass, 
have optical properties and chemical compositions interme- minor plagioclase and clinopyroxene and also occurs as a 
diate between smectite and chlorite. Mixed layer minerals vesicle filling. Two different types of chlorite were distin- 
in CY-I replace clinopyroxene below 273.4m and occur as guished: 
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SMEC TITE - CHLORI TE . 
MIX MIN. 

Figure 5: Atomic proportions of Fe, Si, and Mg 
of sheet-silicates from Holes CY-I (circles and 
stars) and CY-1A (solid dots, squares and triangles). 
Shaded areas indicate fields of reference analyses 
from Deer et al. (1977): (I) = beidellite; (2) = il- 
lite/montmorillonite; (3) = nontronite; (4) = saponite. 
Celadonite: (a) = yellow green; (b) = olive brown; 
(c) = pale green. Smectite: (a) dark brown; (b) olive 
brown. Dots: in vesicles and replacing interstitial 
glass; triangles: replacing pyroxene; square: ~tplac- 
ing plagioclase; stars: palygorskite, beidellite. 

Sh eri- \ Ripidolite 
donite 

Figure 6:  Variation of total Fe [p.f.u.], Si [p.f.u.] and 
Fe/(Fe+Mg) for chlorites from Hole CY-1A in vesicles 
and rep!acing interstitial glass. Nomenclature after Hey 
(1954). Squares: in basaltic andesite; dots: in evolved 
andesite. 

(m) 

Total 1 87.62 87.99 87.59 86.03 86.39 

+ * * *  * + + * 
288.6 288.5 347.7 410.1 641.7 641.7 652.8 652.8 

- -- -- ~ 

SiOz 
A1203 
FeO 
MriO 
MgO 
CaO 
Na2O 

Si 
Al 
~ e ~ +  
Mn 
Mg 
Ca 
Na 

Total 

33.22 30.82 28.15 27.14 27.81 
14.49 16.24 17.93 17.01 17.84 
18.05 20.76 21.84 24.94 22.22 
0.37 0.35 0.80 0.83 0.66 

20.27 19.38 18.67 15.97 17.78 
1.06 0.27 0.08 0.1 1 0.05 
0.16 0.17 0.12 0.03 0.03 

Number of ions on the basis of 28 (0). 

Table 3: Electron microprobe analyses of chlo~ites 
from Drillhole CY-IA. * in vesicle; + replacing 
interstitial glass. 

Chlorite (I) is the most common. It is pleochroic from 
bluish-green to pale yellow-green with characteristic anoma- 
lous metallic blue interference colours and plots in the pyc- 
nochlorite field of Hey (1954; Figure 6). It generally forms 
fibrous radiating c~ystals; irregular aggregates are less abun- 
dant. Type (I) clilorite is characterized by high SiO:! of 30.8 
to 33.2 wt.% and MgO of 19.4 to 20.3. wt.% with FeO ranging 
between 18.1 and 20.8 wt.% (Table 3). 

Chlorite (11) is pale to yellow-green with grey to pale yel- 
low interference colours. It is a diabantite, close to the field 
of pycnochlorite (Hey, 1954; Figure 6), assuming all Fe to 
be divalent. Compared to Type (I) chlorite. S i02 (26.4 to 
28.2wt.%) and MgO concentrations (16.0 to 18.7 wt.%) are 
slightly lower and FeO-concentrations (21.8 to 24.9 wt.%) sig- 
nificantly higher. Fe/Mg ratios in chlorites from the mafic 
HTS andesites are slightly higher than in chlorites from sili- 
cic HTS-andesites, which may indicate a positive correlation 
between the compositions of chlorites and of the whole rocks. 

Zeolites 

Zeolites occur sporadically throughout CY-1 and are slightly 
more abundant from 10.5 to 288.55 m in CY- IA. 

Analcite is found in colourless to dusty brownish, slightly 
rounded patches and is mostly isotropic but locally weakly 
birefringent. It occurs generally as a late precipitate, filling 
veins and vesicles. Analcite replaces some plagioclase below 
208.9m in CY-1; in CY-IA in a sample from 10.5m and 
in the interval between 175.6 and 202.6 m. Representative 
microprobe analyses of analcite are listed in Table 4. 
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Table 4: Electroll microprobe analyses of analcites 
from Drillhole CY-IA. * in vesicle; # in vein; 
o replacing plagioclase. 

Depth ( ~ n )  

Si02 
A1103 
CaO 
Na20 

Total 

Si 
Al 
Ca 
Na 

Total 

Gismondine, determined by XRD, replaces interstitial glass 
(or smectites?) and plagioclase. Colourless to very pale 
brownish or greenish, fine-grained aggregates with a low re- 
fractive index and low first order birefringence show radiating 
optical extinction. 

Grnelinite occurs as pinkish, round or hexagonal clusters 
(<20pm) in smectite which has replaced interstitial glass 
(I 11.9-129.20m; CY-IA). 

* # 0 0 # # # 
10.5 10.5 10.5 10.5 224.4 224.4 224.4 

52.50 54.24 54.87 55.56 59.17 56.75 58.41 
23.30 24.07 23.1 1 22.87 23.01 22.94 23.06 
0.29 0.31 0.03 0.06 0.01 0.01 0.01 

11.29 9.49 10.32 9.91 11.01 11.51 10.95 

87.38 88.1 1 88.33 88.40 93.20 91.21 92.43 

2.000 2.027 2.047 2.065 2.091 2.060 2.082 
1.046 1.060 1.016 1.002 0.958 0.982 0.969 
0.012 0.012 0.001 0.002 0.000 0.000 0.001 
0.827 0.687 0.747 0.714 0.754 0.810 0.745 

3.885 3.786 3.81 1 3.783 3.803 3.852 3.797 

Epidote 

Epidote is common below 254.0 m in CY-1 A and becomes 
increasingly abundant downsection. It occurs dominantly as 
a late filling of veins and vesicles with sulfides, chlorite, and 
quartz, or replaces plagioclase. 

Yellow pleochroism, a high refractive index, and very 
low birefringence frequently with anomalous bluish-grey to 
'lemon'-yellow interference colours are characteristic. In 
vesicles and veins, dark yellow, slightly brownish epidotes 
occur as prismatic crystals or fibrous aggregates (Figure 7) 
with radiating extinction. Anhedral, nearly colourless patches 
of epidote are intergrown with quartz, whereas pale yellow, 
prismatic crystals generally replace plagioclase. 

The major substitution in the octahedral position is ~ l "  
for ~ e "  (Figure 8). 

Vein and vesicle filling epidote shows slight Al enrichment 
downsection (Table 5). 

Pumpellyite 

Pumpellyite fills vesicles and replaces plagioclase between 
288.55 and 464.55m in CY-IA. It is typically pleochroic 
from darklbluish-green to pale-green/colourless with anorna- 
lous brown to purple-bluish interference colours and a refrac- 
tive index between that of chlorite and epidote. 

Figure 7: Photo~nicrograph of radiating aggregale of 
green pumpellyite (p) and pale yellow epidote (c), 
platy dark yellow epidote, and calcite (c); chi: chloritc 
(type I) ,  dark patches are oxides which are rcplaced by 
Fe-Cu sulfides and sphene (Gbtte, 1986). Long side or 
photomicrograph: about 3 mm. 

Figure 8: Atomic proportions of Al and ~ e ? +  in the 
octahedral position of epidotes from Hole CY-IA. 
Ope11 symbols: in vesicles; filled symbols: in pla4io- 
clase; ole:  410.1 In; A/A: 641.7 In; 01.: 652.8 m; 
x indicates reFerence analyses of epidotes from the del 
Puerto ophiolite (from: Evarts and Schiffman, 1983); 

dashed line indicates ideal substitution of FC" for A1 
in the octahedral position. 

Purnpellyite in vesicles forms radiating aggregates (Fig- 
ure 7) whereas it occurs as prismatic crystals when replac- 
ing plagioclase. Pumpellyite differs from epidote chemi- 
cally by having higher MgO- (<2.5 wt.%) and lower FeO0- 
concentrations (9.1-10.2 wt.%; Table 5). 

Prehnite 

Prehnite was identified between 3 10.4 and 357.45 m in CY- I A 
in colourless anhedral to platy patches, replacing plagioclase 
and filling vesicles together with quartz, chlorite, calcite and 
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Table 5: Electron microprobe analyses of epidote, pumpellyite, prehnite, and sphene from Drillhole CY-IA. 
n.a. not analyzed; n.d. not detected; * in vesicle; o replacing plagioclase; + replacing interstitial glass; 
# intergrown with Fe-Ti oxide; - intergrown with chlorite and albite. 

Depth 

SiOz 
Ti02 
A1203 
Fe203 
MnO 
MgO 
CaO 

Total 

Si 
Ti 
Al 
~ e ~ +  
Mn 
Mg 
Ca 

Total 

-\ 

pumpellyite. Interference colours range from @ey to dark CaO of 27.24-28.77 wt.%, A1203 of 1.32-2.99 wt.% and 
yellow or are anomalous brownish. The prehnites' are chem- Fe203 of 1.00-1.99 wt.%). No systematic variation in chem- 
ically characterized by low FeO of 3.1 to 3.7 wt.% and rel- ical composition with depth was observed. 
atively high CaO-concentrations averaging around 26.5 wt.% Leucoxene appears as a brownish to opaque mass, mainly 
(Table 5). replacing Ti-magnetite which has grown as fine-grained 'dust' 

Prehnite was observed in the following mineral assem- in the groundmass. 
blages: 

Epidote Epidote Epidote Epidote Epidote Epidole Pump. Pump. Prehn. Prehn. Sphene Sphene Sphene Sphene 
* 0 * * + 0 0 * 0 * # - 

410.lm 410.lm 641.7111 652.8111 652.81~1 652.8111 410.lm 410.11n 347.7111 3 4 7 . 7 ~  347.71~1 410.11n 410.11n 652.8111 

36.95 37.40 38.26 36.93 37.53 37.61 37.80 35.80 42.80 43.01 30.83 30.36 30.93 30.59 
n.a. n.a. n.a. n.a. n.a. n.a. n.a 11.8. n.a. n.a. 35.09 34.97 34.65 35.30 

19.50 21.48 25.14 21.14 23.54 23.13 22.20 20.88 21.87 20.77 2.28 2.10 2.45 1.76 
17.21 13.97 9.83 13.91 12.92 12.98 7.54 11.38 3.41 4.08 1.73 1.47 1.89 1.21 
0.12 0.21 0.33 0.26 0.23 0.07 0.10 0.23 0.02 0.02 0.06 n.d. 0.17 n.d 
0.03 0.19 0.09 0.12 0.03 0.03 2.53 1.89 n.a. n.a. 0.15 0.08 n.d. n.d 

23.12 22.76 23.10 23.25 23.06 23.53 21.53 22.26 26.85 26.23 28.29 27.85 28.24 28.77 

96.93 96.01 96.75 95.61 97.31 97.35 91.70 92.44 94.95 94.11 98.43 96.83 98.33 97.63 

Number of ions the basis of (0, F, OH, H20) 

13 13 13 13 13 13 28 28 24 24 20 20 20 20 

3.023 3.051 3.047 3.026 3.003 3.009 5.874 5.604 5.997 6.103 2.688 2.692 2.698 2.692 
n.a. n.a. n.a. n.a. n.a. n.a. n.a n.a. n.a. n.a. 2.300 2.332 2.273 2.335 

1.880 2.065 2.360 2.042 2.221 2.182 4.064 3.852 3.61 1 3.473 0.234 0.220 0.252 0.182 
1.059 0.857 0.589 0.858 0.778 0.782 0.881 1.340 0.360 0.435 0.1 13 0.098 0.124 0.080 
0.008 0.015 0.022 0.018 0.016 0.005 0.013 0.030 0.002 0.002 0.004 n.d. 0.013 n.d 
0.004 0.023 0.01 1 0.015 0.004 0.004 0.585 0.441 n.a. n.a. 0.019 0.01 1 n.d. n.d 
2.026 1.989 1.971 2.041 1.978 2.018 3.583 3.733 4.030 3.987 2.642 2.647 2.640 2.71 1 

8.000 8.000 8.000 8.000 8.000 8.000 15.000 15.000 14.000 14.000 8.000 8.000 8.000 8.000 

1. prehnite + pumpellyite + quartz + calcite (in vug at Plagioclase Alteration 
310.1 m) 

Almost pure K-feldspar dominantly replaces plagioclase in 
2. prehnite + pumpellyite (in albite at 341.2m) the upper 223.1 m of Hole CY-I (Table 6) decreasing in abun- 

dance in the transition zone below (240.0 to 336.9m). 
3. prehnite + chlorite- + quartz + calcite (vesicle at 347.7 m) Albitization of plagioclase starts below 185.70 m in CY-I A 

4. prehnite + chlorite + quartz + sphene (vesicle at 7.7 m) and becomes increasingly abundant downhole. Feldspars are 
essentially Or-free with An contents ranging from 1 to 4 
mole% (Table 6). 

Sphene and Leucoxene 

Sphene occurs only sporadically in the upper part of CY-1A 
but is more widespread below 271.2m, replacing intersti- 
tial glass, Fe-Ti-oxides and less commonly plagioclase and 
clinopyroxene. It is characterized by dark brown or greenish- 
brown colours, high refractive index and birefringence. It usu- 
ally forms 'cauliflower' aggregates or rosettes up to 50 pm in 
diameter. In two samples (142.0m, 410.1 m), sphene forms 
nearly colourless, chequered crystals with an oxidized rim. 
The chemical composition of sphene is relatively uniform 
with SiOz of 30.24-30.93 wt.%, Ti02 of 30.04-35.87 wt.%, 

Others 

Dark yellow to red-brown and dark brown Fe-hydroxides oc- 
cur dominantly as alteration product of olivine in CY-I and 
also appear in the upper 120m of CY-IA, coating smectites 
or rarely replacing groundmass clinopyroxene. 

Beidellite, which occurs in the upper part of CY-1 (CSW- 
alteration zone), is characterized by high A1203 (23.7 wt.%) 
and Si02 (53.2 wt.%) concentrations and very low FeO con- 
centrations (1.5 wt.%; Table 2). 
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Table 6: Electron rnicroprobe analyses of secondary 
feldspars from Drillholes CY-1 and CY-1A. 

Depth 

Si02 
A120 
Fez03 
CaO 
Na20 
K20 

Total 

Si 
Al 

Total 

~ e ~ +  
Ca 
Na 
K 

Total 

Or 
Ab 
An 

Palygorskite, which also occurs in the CSW-zone of 
CY-I, has intermediate A1203 concentrations (14.8 wt.%) and 
slightly increased K20 concentrations when compared to 
saponite (around 2.8 wt.%; Table 2). 

K-fsp K-fsp Albite Albite Albite 
CY-I CY-I CY-IA CY-IA CY-IA 
54.71~1 54.71n 347.71n 410. lm 641.7111 

64.51 64.04 66.87 66.17 67.7 1 
18.28 18.94 19.77 20.18 19.37 
0.19 0.20 0.16 0.38 0.13 
0.03 0.00 0.88 1.02 0.20 
0.28 0.17 11.65 1 1.09 11.34 

16.55 16.74 0.03 0.19 0.00 

99.84 100.09 99.36 99.03 98.75 

Number of ions on the basis of 32 (0). 

11.962 11.841 11.749 11.709 12.003 
3.995 4.127 4.094 4.209 4.047 

15.957 15.968 15.843 15.91 8 16.050 

0.021 0.023 0.0 17 0.04 1 0.014 
0.006 0.000 0.166 0.193 0.038 
0.101 0.061 3.969 3.805 3.898 
3.915 3.948 0.007 0.043 0.000 

4.043 4.032 4.159 4.082 3.950 

97.35 98.48 0.16 1 .OG 0.00 
2.50 1.52 95.84 94.15 99.03 
0.15 0.00 4.00 4.79 0.97 

Calcite occurs throughout the section in variable amounts as 
a late vesicle filling or alteration product of primary phases 
and is extremely abundant in the interval between 50 and 
150m of CY-1. In alteration zones I and 11, calcite domi- 
nantly occurs as fibrous crystals with radiating extinction or 
in cryptocrystalline aggregates. It forms euhedral to subhedral 
crystals in vesicles in the hydrothermal alteration zone. 

Anhydrite, occurring sporadically in. both holes, is colour- 
less and forms anhedral patches, having crystallized in pla- 
gioclase and in vesicles. Anhydrite has low first order bire- 
fringence but shows the same orientation-dependant refractive 
index typical of calcite. 

Si02 phases are mostly missing in the upper part of the 
crust but quartz becomes increasingly dominant in the hy- 
drothermal alteration zone, generally growing as euhedral but 
undulose crystals into pore spaces and vesicles. Anhedral 
undulose quartz has replaced interstitial glass together with 
chlorite, calcite and epidote, or grew as patches in plagio- 
clase. 

Fe-Cu-sulfides occur throughout the section below 271.2 m 
of Hole CY-1A. They occur as euhedral .to subhedral crys- 
tals in vesicles, together with chlorite, quartz and epidote, or 
as fine-grained patches in the groundmass. They probably 

replaced primary Ti-magnetite as well. In the high tempera- 
ture alteration zone of CY-2A, sulfides are dominantly pyrite 
with minor amounts of chalcopyrite, sphalerite and pyrrhotite 
(Herzig and Friedrich, 1987). 

METHODS TO CALCULATE MASS 
BALANCE OF CHEMICAL EXCHANGE 
BETWEEN ROCK AND SEAWATER 

A common method to estimate mass balances of hydrother- 
mally altered and fresh submarine extrusives is to compare 
bulk compositions of altered rocks with average composi- 
tions of either fresh bulk rocks or fresh glasses (e.g. Donnelly 
et al., 1980; Alt et al., 1986). However, this method can not 
be applied to the northwestern Troodos extrusive rocks be- 
cause of the large range of original chemical compositions 
from basaltic andesites to dacites occurring in the two dif- 
ferent series (Table 1). Moreover, the chemical evolution of 
the High-Ti Series in the Troodos lavas is spatially distinctly 
different on a scale of 10 km (Bednarz, 1988). 

Therefore, we calculated the linear regression lines of Si02 
and the elements of interest for glass separates of the Low- 
Ti Series and the High-Ti Series. The resulting relations are 
expressed in the following equations: 

Low-Ti Series: 

FeOO- values for Si02 contents <54 wt.% were not calculated 
because of high data scatter in this range. K20 concentration 
in the Low-Ti Series was assumed to have a mean concentra- 
tion of 0.25 wt.% because of data scatter and the small overall 
variation. MgO was omitted in the calculations, because its 
original concentration depends largely on the abundance of 
olivine phenocrysts. 

High-Ti Series: 

Regression lines of Zr with the elements of interest were cal- 
culated in addition to those of Si02 because of the large vari- 
ation of Zr within the High-Ti Series. 

(4b) FeOzr = 14.49 - (Zr x 0.049) 

(5b) MgOZr = 6.76 - (Zr x 0.043) 

(6b) CaOz, = 8.61 - (Zr x .030) 
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Figure 9: SiOz - Ti/Zr for glass separates from tlle 
northwestern Troodos Extrusive Series. 

(7b) Na20zr = 0.63 + (Zr x 0.027) 

A mean concentration of 0.32 wt.%K20 was assumed in the 
range of the High-Ti Series. 

We used the ratio of Ti and Zr (Figure 9), two high field 
strength elements whose concentrations are relatively unaf- 
fected by seawater alteration in order to calculate the original 
Si02 concentrations of the altered whole rocks (Figure 10). 
The ratio of these 'immobile' elements is also unaffected by 
passive accumulation. Thus, we get for the Low-Ti Series: 

For the High Ti Series we restricted the calculation of the 
regression line to glass samples from the Akaki and the Pedi- 
aeos area because of different Si02 - Zr trends in the samples 
from the Agrokipia area (CY-2, CY-2A; Bednarz et al., 1987). 
We also calculated the Zr regression for these samples as a 
control of the results. Thus, we obtain for the High-Ti Series: 

(9b) Si02 = 52.13 + (Zr x 0.092) 

The SiOz values resulting from the two different approaches 
(Equations 9a and 9b) have a mean difference of only 
0.18 wt.% and a standard deviation of only 1.17. Below we 
take the average of both methods. 

We take the average of the Si02- and Zr-method results 
in a similar way for the elements FeOO, MgO, CaO, and 
Na20. The mean difference between both methods here is 
0.10 wt.% for FeOO (Std.Dev.: 0.30), 0.16 wt.% for MgO 
(Std.Dev.: 0.27), 0.04wt.% for CaO (Std.Dev.: 0.18), and 
O.OGwt.% for Na20 (Std.Dev.: 0.16). Even assuming that 
errors add up, we believe tlie results to be of sufficient preci- 
sion for practical interpretation. 

0 20 40 60 80 100 120 
T i / Z r  (Smect i te )  

Figure 10: Ti/Zr - ratio for glass separates vs. TilZr 
ratio of adhering smectites. 

Unfortunately, we cannot use Zr variation as a control 
for the Low-Ti Series, because it varies unsystematically by 
only about 20 ppm. For further interpretation we calculated 
A-values for these elements which is simply the difference 
between the analyzed concentration in the altered whole rock 
and the assumed original pre-alteration concentration calcu- 
lated from fresh glass compositions. 

ALTERATION ZONES 

We divided the Drillholes CY-1 and CY-1A into four different 
alteration zones, based on characteristic element changes and 
secondary mineral parageneses. 

1. Cold seawater alteration zone above 223.1 m in 
Hole CY- I .  

2. Transition zone at 240.0 to 336.9 in in Hole CY- I .  

3. Low temperature hydrothermal alteration zone be- 
low 390.7 In in Hole CY-I and above 259.0m in 
Hole CY-IA. 

4. High temperature hydrothermal alteration zone below 
27 1.2 m in Hole CY- 1 A. 

All boundaries between zones are somewhat arbitrary because 
alteration did not affect the rocks pervasively, but is strongly 
dependant on the permeability and thus the lithology and lo- 
cation, width and vertical extent of fracture zones (Figure I 1). 
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Figure 11: Detail of A-KzO, A-CaO, and A-NazO vari- 
ations in the cold scawater alteration zone of CY-I, 
showing Iligher depletion/en~ichment values in pillow 
lavas and pillowed tops of massive flows. 

Also, criteria based on secondary mineralogy and calculated 
element changes overlap to some degree. 

GENERAL CHARACTERISTICS OF 
ALTERATION ZONES 

Cold seawater alteration (CSW) 

The partial to complete replacement of groundmass plagio- 
clase by potassium feldspar (adularia?) is the most charac- 
teristic petrographic criterion for this zone. The degree of 
replacement decreases downhole towards the lower boundary 
of the alteration zone. 

Olivine is always altered to iron-hydroxides and calcite, 
the abundance of Fe-liydroxides being also characteristic of 
the CSW alteration zone. Clinopyroxene phenoc~ysts are 
optically relatively fresh throughout this zone (Figure 12), 
whereas replacement of groundmass clinopyroxene generally 
increases downhole. 

Groundmass glass is completely altered to brownish, green- 
ish and yellowish smectites (mainly saponites and less com- 
monly beidellite). Smectites are also the main void-filling ma- 
terial apart from calcite and minor amounts of iron-hydroxides 
and zeolites. The dominant vein filling mineral is Mg-poor 
calcite (Gillis, 1987). 

The alteration of plagioclase to potassium feldspar is 
reflected in the good correlation of A-KzO (enrichment) 
with A-CaO (depletion) and A-NazO (depletion) values (Fig- 
ures 13, 14). Moreover, the mole proportions of (Ca+Na)/K 
of A-values are only slightly larger than unity it1 the upper part 
of the drillhole, indicating that only slightly more Ca and Na 
than that released by plagioclase is removed from the rocks. 

CY- I 

Figure 12: Alteration products of interstitial glass, 
olivine, clinopyroxene, plagioclase and void-filling 
secondary minerals in Hole CY-I. Dots: Generally 
thorough to complete alteration; Circles: Generally in- 
complete alteratio~~/void-filling. 

Figure 13: A-NazO vs. A-KzO variation diagram for 
Holes CY-1 and CY-I A disctiminating the different 
alteration zones. 
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Figure 14: Variation of A-K20, A-NazO, A-CaO, A-SOz, A-FeOO, and A-MgO for Holes CY-I and CY-IA and 
distribution of alteration zones. Data are presented as averages o l  50m intervals. Different hatching in the CaO 
column indicates CaO including carbonate and carbonate-free analyses. Note different scale For negative and 
positive A-K20-values. 

High seawaterlrock ratios ranging from 114 (0-50m) 
to 58 (200-250m) are inferred, assuming complete re- 
moval of 380ppmK dissolved in seawater judging from 
the high absolute KzO enrichment in zone (I), averaging 
5.2 wt.% (43,200ppm K) in the uppermost 50m and 2.67 wt.% 
(22,200 pprn K) in the interval from 200 to 250 m. 

Much of the calcium released from the rocks was prob- 
ably not transported very far by the solutions, but precipi- 
tated as carbonate in voids. Calcite also replaced the bulk of 
the olivine phenocrysts probably when downwards increasing 
temperature reduced the solubility for calcium carbonate. This 
is obvious from the large difference of A-CaO for CaO cal- 
culated carbonate free and A-CaO for CaO including CaC03 
of the rocks. There is even a slight overall enrichment of 
CaO including carbonate in the depth range from 50 to 150 m 

Mottl (1983) who reports removal of Mg from seawater at 
high seawaterlrock ratios over a wide range of tempera- 
tures. Wolery and Sleep (1976) found complete removal of 
1,300 ppm Mg from the seawater at water / rock ratios rang- 
ing from 1 : 3 to 1 : 30. As seawaterlrock ratios were most 
probably much higher in all of CSW zone, this corresponds 
to a maximum MgO increase in the rocks of 3.8 wt.% Mg 
(6.33 wt.% MgO). XRF-analyses of glass and slnectite sep- 
arates from Hole CY-2A (Sunkel et al., 1987) indicate 2.3 
times as much MgO in the smectites as in adhering glass in 
these least altered rocks of CY-2A. Smectites are probably 
the only major sink for MgO, as void-filling calcite in  the 
Troodos extrusives has average MgO concentrations of only 
0.5 wt.% (Gillis, 1987). 

(Figure 4). The calculated FeOO changes (A-FeOO) in the CSW zone 
The exact values of A-MgO are difficult to estimate because are subtle. The iron content of seawater (0.002 to 0.02 ppm) 

of the abundance of mafic phenocrysts and non-unique Si02 - cannot significantly contribute to the calculated increase in 
MgO trends. Judging from the MgO contents of phenocryst- FeOO from 0.64 to 1.18 wt.% in the upper 150m. If not the 
poor rocks, we estimate a general enrichment of MgO around result of methodologica1 errors, the A-FeOO may be the result 
I wt.%. This is in agreement with experimental results of of passive accumulation or be related to (1ate)syn-volcanic to 
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CY- I L17A L17 D CY-I , 417 A 417 D , 

Figure 15: Downhole variation of ~ e ~ + / ( ~ e ~ + + ~ e ' + )  
[Ox0] in CCSP Hole CY-I and DSDP Holes 417A 
and 417D. Dashed line indicates mean values oT50m 
in[ervals. DSDP data from Donnelly et al. (1980). 

post-volcanic precipitation of Fe/Mn-rich metalliferous sedi- 
ments (umber and ochre). 

The Fe3+/(Fe"+ +~e") ratio (average values are 0.7 to 0.9; 
Figure 15) is considerably higher than in fresh glasses of the 
Low-Ti Series which is around 0.4 (Bednarz, 1988). 

SiO2 changes are also rather subtle compared to the bulk 
rock compositions. There is a general tendency, however, for 
Si02 depletion of the rocks by 1 to 2 wt.%. 

The temperature of cold seawater alteration probably did 
not significantly exceed that of Cretaceous ocean bottom wa- 
ter. Assuming Mg/Ca ratios close to seawater for late stage 
solutions from which these carbonates were precipitated, their 
temperature may have been as low as 4S°C (Fiichtbauer and 
Hardie, 1980). Pertsev. arid Boronikhin (1983), on the other 
hand, estimate temperatures for K-feldspar folmation from 
plagioclase in submarine basalts to be in the interval between 
30 and 80°C. This suggests very late formation of secondary 
calcite. 

Cold seawater alteration is thought to be effective until in- 
tense percolation of seawater through the rocks is prevented; 
the lava surface becomes effectively sealed by the sediment 
burden, or parts of the crust become effectively sealed by 
secondary sheet-silicates. Thus, the deepest penetration of 
cold seawater alteration is to be expected when rnorpholog- 
ical highs such as seamounts are exposed to seawater for 
a long time. In the western Pediaeos area, where the sub- 
marine topography at the volcanic/sedimentary interface is 
very well preserved, intense red oxidative alteration occurs 

WEIGHT PERCENT H20 

Figure 16: Downhole variation of KzO in CCSP Hole 
CY-I and DSDP Holes 417A and 417D. Dashed line 
indicates mean values of 50m intervals. DSDP data 
from Donnelly et al. (1980). 

on submarine hills, whereas oxidative alteration is much less 
pervasive in topographic lows which were sealed early by 
umber precipitation. This is why the upper part of the Akaki 
extrusive section, penetrated by CY-I, was interpreted as 
a small seamount which rose above the seafloor by about 
200m (Schmincke et al., 1983; Rautenschlein, 1987). At 
DSDP Hole 417A, interpreted as a topographic high (Don- 
nelly et al., 1980), K-enrichment, oxidation, and H20-uptake 
of the rocks (Figures 15, 16, 17) decreases faster with increas- 
ing depth than in Hole CY-I. We thus speculate that the Akaki 
River area may have formed a regional scale topographic high 
on the Troodos seafloor. This is confirmed by a maximum 
tliickness of the Low-Ti Series of 500 to 600m in the Akaki 
River section, compared to about 280 m near Agrokipia, and 
about 200m in the western Pediaeos area, whereas Low-Ti 
rocks are completely missing in the Analiondas area (about 
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Figure 17: Downliole variation of H z 0  in CCSP Hole 
CY- I and DSDP Holes 417A and 417D. Dashcd line 
indicates mean values of 50m intervals. DSDP data 
from Donnelly et al. ( 1  980). 

4 km to the east of Kambia). Furthelmore, the oldest circum- 
Troodos sediments (Perapedhi sl~ales and Middle Lapithos 
mark and cherts) are missing at the MaloundaIAkaki River 
volcanic/sedimentary contact (Bear, 1960). 

Another reason for the deep extent, intensity and perva- 
siveness of the CSW alteration zone in the Troodos crust is 
the high porosity of the Troodos lavas, averaging around 19% 
in CY-I/CY-IA (Smith and Vine, this issue). This is 4 to 15 
times higher than average values from DSDP Hole 504B 
(Wilkens et al., 1983; Karato, 1983; Salisbury et al., 1984). 

Transition Zone (TZ) 

Plagioclase is only partially replaced by K-feldspar and also 
partly altered to smectite in the transition zone. There is still 

a significant enrichment in K20 (A-K20 up to 4 wt.%), which, 
however, rapidly decreases downhole (Figure 14). 

The main chemical signarure of the Transition Zone (11) 
is the changeover from Na?O-depletion to Nol?O-enrichment, 
characteristic of increasing temperature and/or lower wa- 
terlrock riitios (e.g. Mottl and Holland, 1978; Seyfried ancl 
Bischoff, 198 1 ; Mottl, 1983). 

We interpret this zone to be slightly influenced by low 
temperature hydrothe~mal alteration (with decreasing effect 
upsection), which was later overprinted by long-lived cold 
seawater alteration with rapidly decreasing intensity clown- 
hole. 

Low Temperature Hydrothermal 
Alteration Zone (LTA) 

The upper boundary of this zone was defined at a depth around 
350m in Hole CY-IA, below which rocks are distinctly less 
enriched in K20. 

There are no significant petrographic changes in the up- 
per part of the LTA alteration zone (III), except that pyrox- 
ene is partly replaced by smectite and analcite (Figure 12). 
Celadonite and silica phases locally, partially or completely 
f i l l  voids, but calcite is less abundant than in the CSW zone 
(I). In the lower half of the LTA zone (111) (upper part of 
Hole CY- I A) celadonite becomes more abundant and also 
replaces interstitial glass in addition to smectite. Pyroxene 
is locally replaced by smectite-chlorite mixed layer minerals. 
Plagioclase is mostly fresh but rare phenocrysts may be re- 
placed by smectite and smectite-chlorite mixed layer minerals. 
Analcite pseudomo~yhs after plagioclase occur in some inter- 
vals (e.g. 208.9-468.42 m of CY- I; 10.5 and 208.9-202.6 111 

of CY- I A). Albitization of plagioclase is observed below 
175.6 m in CY-IA (Figures 18, 19), indicative of further in- 
crease of alteration temperatures down-section. 

Vesicles are either rimmed or completely filled by clay min- 
erals which have grown concentrically from the vesicle rim 
towards the center in the order: celadonite - smectite - 
smectite/chlorite mixed minerals (Figure 4). The latest vesi- 
cle fills are generally zeolites f calcite f silica phases. 

The trend of the elemental changes is the same as in the 
transitional zone (TZ), the rocks become increasingly enriched 
in NazO downhole. Si02 changes from very slight enrichment 
to slight depletion to reach a maximum depletion of about 
-4 wt.% at 150 and 200m depth in CY-IA. In the same 
range, Na20 and MgO show maximum enrichment of almost 
2 wt.% and 4.5 wt.%, respectively. The minimum elemental 
mobility indicated by calculated A-values in the whole profile 
of CY-I and CY-IA (i.e. the least altered, 'freshest' rocks) 
are in the range between 50 and 100 tn of CY- I A. 

Low temperature hydrothennal alteration is the most com- 
mon and widespread type of alteration in the northwestern 
Troodos Extrusive Series. In the upper part of the section 



Figure 18: Alteration products or olivinc, pyroxene 
and plagioclase in  Hole CY-1A. Dots/black bars: gen- 
crally thorough to co~nplele altclalion; Circles/wllite 
bars: generally illcomplete alteration. 
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Figure 19: Alteration products of inters~itial glass 
and void-filling secondary ~ninerals in Hole CY- I A. 
Dots: generally thorough to complete alteration; Cir- 
cles: generally incomplete altcration/void-filling. 

it may overlap with the cold seawater alteration, and it nor- 
mally reaches down into the Sheeted Dyke Complex (e.g. Pe- 
diaeos area, Bednarz and Schmincke, 1989a, b). The degree 
of alteration within this zone is highly inhomogeneous and 
strongly dependant on the lithology and permeability of the 
rocks (e.g. generally weakest in brecciated glassy flows and 
strongest in pillow lavas and pillow breccias), and the proxim- 
ity to local volcanic eruptive centers. These are central areas, 
commonly synvolcanically intensely faulted, and often show- 
ing intensive hydrothermal alteration. Episodes of increased 
hydrothermal activity are clearly genetically related to periods 
of increased spreading rates and episodes of volcanic activity 
(Schmincke and Bednarz, 1990). 

This contrasts with K/Ar and Rb/Sr age determinations 
by Staudigel et al. (1986) which suggest that celadonite- 
formation in the Troodos crust was also a long-lasting process, 
probably still active 7 to 15 m.y. after crustal fonnation, an in- 
terpretation consistent with isotopic ages of secondary phases 
from DSDP sites (e.g. Ha11 and Staudigel, 1978; 1983). This 
inte~pretation is equivocal for the following reasons: (1) esti- 
mates of basement age are uncertain; (2) the rates and duration 
of crustal fo~mation are unknown; (3) differences in crustal 
age between Akaki River Canyon and the Pediaeos area may 
be on the order of 1 m.y., assuming slow spreading rates; (4) 
the diffusive loss of 4 0 ~ r  may lead to celadonite ages that are 
too low. (5) Furtliermore, celadonites in the Troodos crust 
do not occur i n  the uppermost alteration zone (in contrast 
to DSDP Holes 417A, 417D, and 504B; Alt and Honnorez, 
1984; Alt et al., 1986). 

We suggest that celadonite f o ~ m s  at least in pat1 from 
K-enriched hydrothelmal solutions and is thus not necessarily 
indicative for direct influence of cold seawater from above. 

High Temperature Hydrothermal 
Alteration Zone (HTA) 

Elevated alteration temperatures are evident from petro- 
graphic evidence, such as complete albitization of plagioclase, 
abundance of chlorite and epidote and common alteration of 
Fe-Ti oxides to sphene (Figures IS, 19). Pumpellyite and 
minor prehnite locally replace plagioclase. Fe-Cu sulfides are 
common in vesicles and in the former glassy groundmass. 
Most vesicles are completely filled by an irregular mixture 
of minerals, whereas concentric growth of secondary phases, 
which is especially common in the lower part of the low- 
temperature alteration zone, is rare. Veins are dominantly 
filled by mixtures of quartz, epidote and sulfides. 

The most characteristic elemental change in the high tem- 
perature zone is the thorough, locally almost complete, deple- 
tion of K 2 0  in the rocks. Na20 and MgO are continuously 
enriched by up to 2, and 3.5 wt.%, respectively, whereas CaO 
is depleted by up to 5 wt.%. SiO2 and FeOO alternate fre- 
quently from slight to moderate enrichment to depletion and 
vice versa. The mobility of these two elements seems to show 
a slight negative correlation, i.e. parts which are enriched in 
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Si02 are depleted in FeOO and vice versa. There is no obvious 
relation of silica enrichment and abundances of silica phases 
in the rocks, whereas strong Fe enrichment is characteristic 
of rocks containing abundant sulfides. 

High temperature alteration zones are not widespread 
within the northwestern Troodos Extrusive Series but are re- 
stricted to local zones of short-lived upwelling of hot hy- 
drothermal fluids related to major eruptive centers. These 
centers have local dyke swarms which protrude into the ex- 
trusive section and generate high temperature alteration and 
mineralization zones like those of Hole CY-2A, and/or ma- 
jor fault zones. The high frequency of dykes downhole 
in CY-IA in this HTA alteration zone indicates a similar 
volcano-stratigraphic position, although the interpretation of 
lithologies in the core is difficult and this conclusion is ten- 
tative. 

BULK ELEMENTAL MASS TRANSFER 

The bulk elemental mass transfer for Holes CY-I and CY-1A 
summed up to a total thickness of 1200m can be calculated 
from the estimates of A-values, neglecting parts of the stratig- 
raphy that are most likely tectonically repeated. 

Thus, a total of 2.6 x lo7 g ~ p e r m 2  of exposed seafloor 
is transferred from the seawater to the rocks. For the upper 
200m of CY-1 we obtain 1.8 x 10' g/m2, while the same por- 
tion of DSDP hole 417A (positioned also on a stratigraphic 
high) is only a sink for 0.9 x lo7 g/m2. The upper 200m of 
DSDP Hole 417D-positioned on 'normal' ocean floor- 
gained only 0.2 x lo7 dm2  K. We assumed a concentration of 
0.15 wt.% K20 for MORB (Pearce et al., 198 1). 

Na gain of the rocks in the upper 1,200m is similar to 
that for potassium, totalling about 2.4 x lo7 g/m2 ocean floor. 
'This figure is already corrected for the Na-depletion in the 
CSW-zone and thus represents the total mass of Na transferred 
from seawater to the rocks. Assuming that the 10,600ppm Na 
from seawater are totally transferred to the rocks we ob- 
tain an average seawaterlrock-ratio of 1 in the zones of Na- 
enrichment, with average values of enrichment of 8,500ppm 
in the LTA-zone and 12,390 ppm in the HTA-zone. Higher 
waterlrock ratios in the less-permeable rocks downhole are 
not reasonable, and thus the general increase in Na-enrichment 
is thought to be controlled by higher temperatures. Generally, 
low water / rock ratios are in good accordance - especially if 
not all of the Na is removed from the seawater-with find- 
ings of Hajash, (1975) Mottl and Holland (1978), and Seyfried 
and Bischoff (1981) who report removal of Na from seawater 
at waterlrock ratios <5 and temperatures >200°C. 

We have to assume considerably higher waterlrock-ratios 
of 19 and 14 respectively, judging from high Mg-enrichment 
at an average of 24,000ppm in the LTA-zone and 18,300 ppm 
in the HTA-zone (IV) and Mg concentrations in seawater of 
1,300ppm. These have to be considered as minimum num- 
bers, because fluids which are active so far down in the crust 

had probably already lost a substantial amount of their origi- 
nal Mg to the extrusive rocks upsection. 

Calcium is generally leached from the rocks, totalling 
9.0 x 107g/m2 seafloor in Holes CY-1 and CY-1A. How- 
ever, about 3.1 x lo7 dm2  are precipitated as carbonate in 
voids and vesicles, thus holding about 3.4 x lo7 g/m2 of C02. 
The general flux of Ca into the convecting seawater is in good 
agreement with the finaings of Bischoff and Dickson (1975) 
and Albarede and Michard (1983). 

Changes in Fe are unsystematic. A general enrichment of 
Fe in the lower part of CY-IA is supported by the occur- 
rence of Fe-Cu sulphides and suggest a total addition of Fe 
of 0.6 x lo7 g/m2 seafloor. Due to the minute amounts of Fe 
in seawater this must have been leached from the rocks in 
deeper-seated parts of the crust. 

Silica enrichment and depletion are also unsystematic. This 
is supported by field observations of intense silification and 
almost fresh glassy brecciated flows, side by side on the scale 
of decimetres. Whereas the solubility of silica in the hy- 
drothermal fluid is strongly dependant on pH and temperature, 
the amount of silica released from the rocks may depend on 
the abundance of fresh glass and its silica content, as the 
clay minerals generally have lower Si concentrations than the 
original glass. This is in accordance with the observation 
of a common, close, spatial relationship of brecciated glassy 
flows (matrix altered to smectite) and silification of neigh- 
bouring massive lavas. Thus, Si leached from the rocks totals 
0.9 x lo7 g/m2 seafloor, probably reflecting the general abun- 
dance of glassy rocks and the glassy matrix of differentiated 
Troodos extrusive rocks. 

SUMMARY AND CONCLUSIONS 

Rock Types 

Holes CY-1 and CY-1A together penetrated 1 180 m, i.e. al- 
most the complete section through the extrusive crust and the 
upper part of the Sheeted Dyke Complex of the Troodos ophi- 
olite. Pillow lavas make up about 35% of the total thickness 
but about 70% of the LTS rocks in Drillhole CY-I (Robinson 
and Gibson, 1982). Less than 30% of the LTS lavas were 
erupted as massive sheet flows, the dominant rock type in the 
central portion of the extrusive crust, i.e. the upper part of the 
HTS sequence. Brecciated glassy flows which are widespread 
in the lower parts of the Troodos extrusives, as in the Pedi- 
aeos area (Bednarz, 1988; Schmincke and Bednarz, 1990) and 
Drillholes CY-2lCY-2A (Bednarz et al., 1987). are not com- 
mon in CY-1A (Home and Robinson, 1986). We interpret 
Drillhole CY-1A to be positioned right above a local dyke 
swarm which reaches upwards into the lavas. Similar dyke 
swarms, several tens of metres wide are widespread in the Pe- 
diaeos area in the lower part of the extrusive crust (Bednarz, 
1988). 
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Crustal Structure in the Akaki River Canyon larger than in all sections of present-day oceanic crust. 

Schmincke and Rautenschein (1987) found major faults as 
boundaries between volcanic units C P  and E/F in the Akaki 
River Canyon. The scale of these faults can be approximately 
reconstructed (in the order of 200 to 300m) based on the 
stratigraphy of Drillholes CY-I and CY-IA. It is also evi- 
dent (see Figure 3) that the absolute tliickness of the extrusive 
section (and especially the LTS-lavas) along the Akaki River 
is easily overestimated by about 30% due to tectonic repetition 
of the LTS. This illustrates the general difficulty in estimating 
realistically the thickness of alteration zones, volcanic units 
etc., which are also characterized by highly variable thick- 
nesses, even from three-dimensional outcrops in the field. 

Sub-seafloor Alteration 

The high core recovery in an almost complete profile of the 
extrusive past of fossil oceanic crust, along with the chance to 
calibrate the composition of altered lavas against fresh glass 
compositions, allows us to quantify the chemical exchange 
between rocks and convecting fluids. 

Our interpretations about tlie direction of element exchange 
between extrusive crust and seawater are generally in accor- 
dance with findings from the recent oceanic crust (e.g. Don- 
nelly et al., 1980; Alt et al., 1986), but the scale of exchange 
is no~mally larger in the Troodos section (Figure 20). Our 

Element changes in upper 200m of oceanic crust 
DSDP hole 117A IDonnelly el al.. 1880) K 1 
Troodos ophlollle ICY-11 

~ e i  fluxes of K (estimated by Bednarz i nd  Schmincke, 
1989a, b), which take into account K-depletion in the 
rocks in high temperature alteration zones of the Sheeted 
Dyke Complex are almost an order of magnitude larger 
than estimates by Alt et al. (1986) for DSDP Hole 504B 
and Hart and Staudigel (1982) for Hole 418A. As dis- 
cussed above this is interpreted as resulting from the 
position of the Akaki section on a seafloor topographic 
high exposed to percolating seawater for a long period 
of time, and to the higher porosity and permeability of 
the Troodos lavas compared to mid-ocean ridge basalts. 

2. Enrichment of Mg in the rocks of the uppermost al- 
teration zone is only reported by Alt et al. (1986) for 
Hole 504B. Increased Mg reactivity and Mg enrichment 
in the rocks with high seawaterlrock ratios was found 
experimentally by Seyfried (1987) and is consistent with 
extreme seawaterlrock mass ratios which are estimated 
for the upper past of CY- I .  

3. Changes in Na concentrations during cold seawater al- 
teration of oceanic crust are generally not included in 
recent estimates. Flux of Na into tlie seawater during 
low temperature alteration is, however, consistent with 
findings of Hart (1973), Maynard (1976) and Donnelly 
et al. (1980) and probably reflects replacement of ground- 
mass plagioclase by K-feldspar. 

4. The formation of oceanic crust is normally considered 
as a major contributor to the global C02-cycle, of the 
order of 2.6 x 1014 gla, mainly by magmatic degassing 
(e.g. Holser et al., 1988). Bednarz and Sclimincke (1989) 
estimate that the massive carbonate precipitation in the 
upper part of CY-I corresponds to an annual flux of 
about loi4 g, the same order of magnitude as the value 
for C02-release, consistent with findings from Staudigel 
et al. (1990) for North Atlantic oceanic crust. 
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Abstract 

Rim to core sampling traverses across five pillows taken at successively deeper levels of the CY-I drillhole 
have been used to evaluate element mobility and fluid migration within the Upper Pillow Lavas of the ophiolite. 
Four regimes of alteration can be identified. Two represent pillow rims and interiors respectively of an upper 
zone that was severely conditioned by reaction with cold circulating seawater. Relative to fresh basalt, pillow 
interiors are marked by enrichment in K20, Fe203/Fe0, Ba, anc! Sr coupled with depletion in CaO, NazO, 
and to lesser degree Si02 and MgO. The rims relative to interiors show increases in Na20, iron, Fe203/Fe0, 
and to minor degree, Cu and Zn, and decreases, generally, in K20, Ba, Sr, Y, LREE, and Cr. The alteration 
diminishes downward. A third regime, immediately below the upper zone, of low-temperature alteration shows 
impoverishment of the pillow interior in Si02 and enrichment in MgO and Na20. The rims are glassy. The 
fourth regime represents long-term fracture and void filling with mainly calcite of seawater provenance. Rim 
to core compositional differences in upper-zone pillows are variously attributed to different waterlrock ratios, 
oxidation environments, crystallinity, and for Cr, flow differentiation. 'Immobile' elements (e.g. LREE and 
Y) are variably, but mostly little, leached from 'glassy' rims and interior mesostases, hence, generally retain 
reliability as petrogenetic indicators. 

Un Cchantillonage systCmatique, de la marge au centre des coussins, a kt6 effectu6 sur cinq coussins des 
profondeurs croissantes du forage CY-I. Ces Cchantillons ont CtC utilisC pour Cvaluer la mobilitC des BlCments 
de mzme que la migration des fluides dans les laves coussineCes supkrieures de l'ophiolite. On peut y identifier 
quatre regimes d'alteration. Deux de ceux-ci sont reprksentb par des marges et des cceurs de coussins, 
respectivement, dans une zone supCrieure fortement alt6rke par une rdaction avec l'eau de mer froide et circulant. 
Par rapport au basalte frais, les cceurs des coussins sont caract6risb par un enrichissement en K20, Fe203/Fe0, 
Ba et Sr aussi bien que un appauvrissement en CaO, en Na20 et de faqon moindre, en Si02 et en MgO. Les 
marges, par rapport aux cceurs accusent des enrichissernents en Na20, en Fe, en Fe203/Fe0, et de faqon 
moindre, en Cu et en Zn. 11s accusent gCnCralement des appauvrissements en K20, en Ba, en Sr, en Y, en ETR 
1Cgers et en Cr. L'altCration dCcroit vers le bas. Un troisikme rCgime, situk directement sous la zone supkrieure, 
d'altkration hydrothermale de faible temperature cause un appauvrissement en Si02 B I'intCrieur des coussins 
et un enrichissement en MgO et en Na20. Les marges des laves coussindes dans ce rkgime sont vitreuses. 
Le quatrikme rCgime represente un remplissage des fractures et des pores par la calcite provenant surtout de 
I'eau de mer. Les diffkrences de composition des marges aux centres des coussins de la zone supCrieure sont 
attribuCes h des. rapports diffkrents eaulroche, i des environnements d'oxidation, h des cristallinitCs et, pour le 
Cr, 6 la diffkrenciation d'kcoulement. Les Blkments "immobile" (e.g. les ETR ltgers et le Y) sont gCnkralement 
peu lessivks des rnarges vitreuses et des mksostases d'intkrieurs, donc sont assez fiables en tant que moniteurs 
pCtrogCnktiques. 
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INTRODUCTION 

The CY- 1 dril lliole of the International Crustal Research 
Drilling Group's (ICRDG) Cyprus Project is located at the 
upper contact of the Troodos ophiolite and provides a nearly 
continuous section of the uppermost 475 m of the ophiolite's 
volcanic sequence. Thus, it transects much of the 'Upper 
Pillow Lava' division of the volcanic sequence and the lavas 
intersected are of the high-MgOIhigh-Si02 suite of Robinson 
et al. (1983). More importantly, from the point of view of 
tlie alteration of oceanic crust, CY-1 passes through the zone 
of low temperature alteration related to the prolonged circula- 
tion of cold seawater (Gillis, 1987). The object of this study 
is to detail the total effects of sub-seafloor alteration on the 
compositions of pillows. Assuming that pillows were altered 
from their rims inward, the present variations in composition 
across a pillow can be expected to record the gains and losses 
of elements resulting from tlie alteration. By systematically 
analyzing successively deeper pillows we should be able to 
discriminate between the diminishing influence of cold water 
circulation from above and the higher temperature effects as- 
sociated with spreading ridge hydrothermal activity. Five pil- 
lows at varying depths between 136 and 347 m were sampled 
from their lower to upper margins and the samples analyzed 
for major, trace, and rare earth elements (REE). In proposing 
to relate changes in composition across a pillow to secondary 
effects we must make the assumption that the pillows were 
originally uniform in composition; this may not be strictly 
true. Staudigel et al. (1979), Staudigel and Bryan (1 98 I), and 
Flower et al. (1 979) have shown that phenocryst concentration 
in pillow interiors, possibly by flow differentiation, can result 
in significant primary differences between rim and interior 
compositions. However, in the five pillows of this study, the 
phenocryst content is rarely more than 1-2%, so the effect of 
phenocryst concentration is negligible. Of greater significance 
are complications imposed by the heterogeneity of alteration 
effects caused by the irregular distribution of veins, fractures, 
and porous zones through the individual pillows. 

SAMPLING AND ANALYTICAL METHODS 

The samples are minicores bored from the main core of CY-1 
at intervals through each of the five pillows selected. We 
attempted to include what had been the glassy rim from both 
margins, but in most cases it was too friable to be drilled 
and samples had to be selected instead from whatever broken 
chips of the rim were available. Nothing remained of the 
lower rim of pillow 2 and the upper rim of pillow 4, so in 
these cases samples had to be taken from the area immediately 
adjoining the rim. Detailed sample descriptions are given in 
the Appendix. 

The major elements were determined in the Geological Sur- 
vey of Canada laboratories by wave-length dispersion XRF. 
FeO was analyzed by the Wilson or Pratt methods and C02,  

H 2 0  and S by infrared spectrometry. Estimated probable er- 
ror for the major elements in absolute terms are as follows: 
SiO? and AI2O3 1.5%, Fez03, MgO, CaO, TiOz, P205 and 
K 2 0  1%, FeO and MnO 2%, Na20 2.5%, H 2 0  and S 5%, 
C 0 2  3% of the amounts present. Trace elements were an- 
alyzed at both the Geological Survey of Canada (by optical 
emission spectrometry with estimated probable error o f f  15% 
of value repol.ted) and at UniversitC de Montrkal (by XRF, 
techniques adapted from Schroeder et al., 1980; estimated 
probable error 5-10%). The two sets of trace element anal- 
yses generally agree and, since the G.S.C. analyses are more 
complete, they were chosen for the present study. Analyses 
of samples taken routinely through the length of CY-I are 
used in this paper as background data. All such analyses 
were made in the Geological Survey of Canada Laboratories 
by the same methods as outlined above. 

The REE, Co, Cs, Hf, Sc, Ta, Th, and U were analyzed at 
the UniversitC de MontrCal by instrumental neutron activation 
techniques. The samples were irradiated in a Slowpoke I1 
reactor for 2 hours at a flux of 1 0 ' ~  n/cm/sec. Counting was 
done over a six month period on a coaxial detector having 
a 1.2 Kev resolution at 122 Kev and on a planar detector of 
0.6 Kev resolution at I22 Kev. The estimated error for La, 
Sm, Eu, Yb, Sc, and Co is f 5% and for all other elements 
between & 5  to & 10%. 

Electron microprobe analyses were conducted by 
M. Bonardi in the Geological Survey of Canada laboratories 
using a Cameca Camebac electron micro-probe equipped with 
four automated wave-length dispersive spectrometers. The es- 
timated probable error is 1-2%. 

CHEMICAL VARIATION WITH 
DEPTH IN CY-1 

The span in composition for the major elements in each of 
the five pillows plotted against depth in CY-I is shown in 
Figures 1 and 2. The average depth of each of the pillows 
plotted in Figure 1 is as follows: pillow 1 - 136.43, pil- 
low 2 - 152.43, pillow 3 - 167.94, pillow 4 - 292.63, and 
pillow 5 - 346.38 m (individual sample depths are given in 
Tables 1 and 2). Also shown are plots of the analyses of 
samples taken systematically through the drillhole, most of 
which are from pillow interiors. All tlie analyses have been 
recalculated to 100% volatile-free. Of principal interest in 
Figure 1 is that: (1) generally the variability of compositions 
in individual pillows exceeds that in the lava succession at the 
same stratigraphic level and (2) the four uppermost pillows 
are distributed through the zone of alteration that is obviously 
attributable to influences from seawater alteration. Demarca- 
tion of this zone is evidenced particularly by the decline in 
K 2 0  and Fe203 contents to levels consistent with that of fresh 
glasses from the same sequence at about 300 to 325 m depth. 
Pillow 5, which is the only one of the sampled pillows with 
fresh glassy rims, lies just below this zone of alteration. 



Baragar, W.R.A., Ludden, J.N., and Auclair, F .  

Figure 1: Routine analyses for S i02 ,  AI2O3, Fe203, and MgO for the CY-I drill core plotted against depth. The 
compositional range o f  each pillow is shown as a solid or dashed line at the appropriate depth. Analyses all 
recalculated to 100% and are (Hz0 + CO2 + CaC03)-Free. 
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CaO Tion 

Figure 2: Routine analyses for CaO, TiOn, NalO, and K 2 0  for the CY-I drill core plotted against dcpth. The 
compositional range o f  each pillow is shown as a solid or dashed line at the approprialc depth. Analyses all 
recalculated to 100% and are (H20 + COz + CaCO+free. 
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Si02 
Al20J 
Fe203 
FeO 
M gO 
CaO 
Na20 
K20 
Ti02 
M nO 
P20s 
s 

Sr 
Ba 
Rb 
Zr 
y 
Cu 
Co 
Cr 
Ni 
Zn 

Si02 
Alz03 
Fe20J 
FeO 
M gO 
CaO 
NazO 
K20 
Tiz 
M nO 
P20s 
s 

Sr 
Ba 
Rb 
Zr 
y 
Cu 
Co 
Cr 
Ni 
Zn 

136.08 136.10 136.22 136.37 136.59 136.65 136.72 136.78 151.65 151.71 151.75 152.20 152.45 

51.36 53.05 53.36 53.52 52.84 52.87 52.27 52.20 54.91 52.29 53.54 52.75 52.96 
18.27 17.83 18.46 18.25 17.73 18.07 17.64 17.25 11.84 15.97 16.47 18.27 16.70 
10.10 7.50 6.95 6.68 7.16 7.30 7.32 11.94 5.26 7.72 7.04 6.09 7.30 

1.07 2.39 2.02 2.22 2.35 2.36 2.09 .59 1.15 2.26 2.60 2.76 2.74 
7.61 9.16 7.30 7.63 8.16 8.63 8.89 7.83 16.31 6.79 7.42 8.48 8.37 
5.63 2.92 3.57 3.12 3.30 3. 13 3.72 4.01 7.50 6.54 5.22 5.56 6.26 
1.50 1.30 1.77 1.78 1.53 1.70 1.62 1.48 1.48 2.00 1.95 1.72 1.04 
3.24 4.87 5.50 5.79 5.80 5.41 5.30 3.48 .92 5.51 4.80 3.50 3.78 

.75 .73 .72 .73 .74 .73 .71 .66 .15 .53 .56 .56 .53 

.19 . 15 .15 . 13 .15 .16 . 16 . 15 .26 .16 . 11 . 14 .16 

.06 .04 . 11 .06 .16 .15 .09 .06 .05 .I I .10 .07 .06 

. 19 .04 .08 .09 .08 .08 .12 .21 .16 .13 .17 .08 .08 

131. 78. 140. 124. 122. 109. 115. 66. 84. 128. 106. 108. 124. 
64. 76. 101. 67. 94. 90. 78. 44. 33. 93. 87. 92. 91. 
84. 47. 53. 55. 50. 47. 51. 81. 21. 44. 36. 32. 40. 
52. 41. 44. 46. 47. 47. 44. 41. 13. 25. 31. 32. 30. 
32. 16. 25. 21. 32. 29. 26. 18. 21. 23. 18. 16. 25. 

200. 79. 83. 96. 82. 85. 91. 153. 182. 57. 44. 46. 55. 
47. 52. 39. 39. 48. 58. 47. 50. 56. 43. 42. 39. 40. 
58. 101. 94. 110. 89. 106. 89. 80. 44. 214. 286. 
99. 55. 49. 53. 43. 46. 51. 100. 66. 52. 55. 55. 73. 

123. 83. 73. 80. 80. 79. 81. 121. 64. 69. 72. 80. 85. 

152.76 152.96 153.20 153.2 1 167.45 167.5 I 167.60 167.70 167.89 168.03 168.23 168.36 168.36 

52.74 53.39 52.78 52.66 50.97 53.81 53. 11 54.03 51.88 52.55 54.20 52.19 51 .56 
15.59 17.22 17.15 17.17 18. 16 17.22 16.63 16.68 16.78 16.60 16.15 16.87 18.74 
7.14 8.04 9.90 9.48 9.43 7.32 7.00 7.00 8.00 8.36 7.23 10.53 8.15 
1.69 1.72 .66 .90 .84 1.29 1.38 1.40 1.29 1.19 1.35 1.02 1.40 
6.60 7.20 7.80 7.73 7.79 7.23 7.42 7.67 7.98 7.83 7.66 7.63 8.84 
6.40 5.52 5.83 5.75 6.71 5.73 6.22 5.84 7.03 6.48 6.07 5.95 5.87 
2.34 2.30 2.1 I 2.56 2.53 1.94 2.29 1.51 1.42 1.79 1.58 2.04 2.33 
6.56 3.60 2.86 2.87 2.56 4.53 5.08 5.00 4.53 4.23 4.76 2.86 2.10 

.58 .67 .66 .67 .70 .67 .61 .62 .63 .62 .62 .60 .76 

.13 .10 .13 .13 .15 .07 .10 .07 .17 . 10 .10 .12 .12 

. 16 .14 .07 .03 .03 .12 .07 .09 .13 . 13 .07 .06 .03 

.10 .09 .05 .06 .10 .07 .08 .07 .IS .11 .2 1 .12 .12 

152.76 152.96 153.20 153.2 1 167.45 167.51 167.60 167.70 167.89 168.03 168.23 168.36 168.36 

109. 106. 57. 54. 76. 100. 104. 96. 125. 117. 100. 82. 63. 
78. 57. 53. 26. 84. 65. 80. 75. 77. 96. 102. 68. 58. 
53. 37. 63. 59. 54. 47. 52. 43. 39. 39. 0. 44. 0. 
38. 39. 41. 40. 46. 41. 39. 38. 41. 39. 42. 36. 45. 
25. 22. 20. 17. 21. 23. 24. 17. 30. 25. 19. 11 . 15. 
64. 59. I 10. 108. 108. 55. 64. 73. 93. 55. 71. 117. 90. 
35. 30. 45. 42. 38. 34. 30. 30. 34. 31. 37. 42. 43. 

390. 421. 391. 435. 281. 371. 381. 343. 455. 
62. 56. 100. 99. 84. 66. 71. 70. 66. 68. 73. 79. 91. 
51. 67. 92. 88. 82. 62. 70. 68. 72. 72. 78. 91. 79. 

Table 1: Analyses recalculated to 100% H20-C02-CaCO, free. The procedure is as follows: The projected base 
levels of CaO in each pillow (i.e. the intercept value on the zero C02 axis of Figure 3) is assumed to be the CaO 
content of the pillow prior to carbonate introduction. Hence, using this base level of CaO the analysis is summed 
without volatiles and recalculated to 100%. The raw data set can be obtained from the authors. 

121 

152.46 

52.11 
16.89 
7.15 
2.60 
8.30 
6.25 
2.08 
3.79 

.52 

.16 

.OS 

.09 

116. 
91. 
35. 
27. 
23. 
55. 
39. 

73. 
84. 

168.41 

52.81 
17.56 
11.95 

.36 
6.90 
3.12 
3.23 
3.19 

.60 

.10 

.01 

. 18 

168.41 

41. 
60. 

0. 
38. 

7. 
91. 
49. 

145. 
99. 

11 I. 
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Table 2: Analyses recalculated to 100% H20-C02-CaC03 free. The procedure is as follows: The projected base 
levels of CaO in each pillow (i.e. the intercept value on the zero CO2 axis of Figure 3) is assumed to be the CaO 
conrent of the pillow prior to carbonate introduction. Hence, using this base level of CaO the analysis is summed 
without volatiles and recalculated to 100%. The raw data sct can be obtained from the authors. 

Si02 
A1203 
Fcz03 
FeO 
MgO 
CaO 
Na20 
K2 0 
Ti02 
MnO 
p2 0 s  
S 

Sr 
Ba 
R b 
Zr 
Y 
Cu 
Co 
Cr 
Ni 
Zn 

co2 

20- 

pi l low 1 p i l l o w  3 

3 .0  ( 
/ 

0 - \-/ , 

168.42 291.95 292.55 293.02 293.22 293.31 345.86 345.98 346.12 346.49 346.69 346.85 346.90 346.91 

53.53 52.36 52.97 52.73 52.97 56.06 57.05 52.75 51.93 51.79 51.68 52.66 55.19 55.15 
17.00 16.71 16.42 16.44 16.54 15.73 15.03 16.32 16.87 16.73 17.94 16.58 15.30 15.87 
12.45 5.65 5.30 5.67 5.94 8.88 4.57 5.52 6.06 5.82 4.77 5.17 3.63 3.02 

.24 3.76 3.58 3.63 3.36 2.04 5.56 4.11 4.22 4.10 4.03 3.98 6.21 6.48 
7.05 11.88 10.21 11.10 10.34 9.63 6.46 8.52 8.23 8.39 7.62 8.57 6.61 6.10 
3.27 4.37 4.98 4.18 4.78 1.16 7.32 8.26 8.47 8.88 8.87 8.32 8.91 8.82 
2.40 2.59 3.05 2.61 2.58 3.60 2.28 3.14 2.92 3.02 3.71 3.34 2.56 2.91 
3.21 1.60 2.30 2.56 2.29 1.98 .69 .26 .20 .I7 .28 .25 .46 .5 1 
.6 1 .69 .69 ..68 .70 .52 .62 .69 .70 .7 1 .70 .69 .66 .66 
.I0 .I4 .2 1 .I5 .I5 .I3 .I6 . I  I . I  I . I  I .I0 . I I  .I9 .I8 
.02 .09 .09 .07 .09 .02 .04 .08 .06 .05 .06 .09 .04 .04 
.I2 .I4 .20 1 8  .26 .24 .22 .24 .23 .23 -23 .24 .24 .26 

168.42 291.95 292.55 293.02 293.22 293.31 345.86 345.98 346.12 346.49 346.69 346.85 346.90 346.91 

47. 89. 121. 104. 107. 35. 75. 103. 107. 103. 115. 109. 1 1  1 .  119. 
48. 35. 66. 57. 52. 48. 44. 43. 54. 54. 42. 32. 53. 65. 
0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 

41. 42. 45. 42. 44. 37. 37. 39. 42. 43. 44. 46. 43. 45. 
7. 25. 24. 20. 26. 8. 15. 18. 21. 21. 22. 29. 22. 25. 

92. 73. 53. 42. 48. 226. 124. 94. 75. 73. 76. 89. 92. 95. 
54. 45. 40. 41. 36. 46. 34. 45. 43. 42. 38. 43. 39. 39. 

148. 225. 207. 249. 238. 139. 86. 93. 89. 93. 99. 90. 73. 82. 
99. 39. 38. 42. 39. 55. 25. 35. 32. 32. 32. 36. 27. 30. 

1 1 1 .  79. 79. 74. 72. 90. 76. 94. 91. 91. 86. 93. 91. 92. 

This uppermost zone of alteration, termed the Seafloor 
Weathering Zone (SWZ) by Gillis and Robinson (1988), has 
been interpreted as the result of prolonged exposure of basalt 
to circulating cold seawater (Gillis, 1987). Such a process 
might occur on a topographic high without protective sedi- 
ment covering. Where the lava sequence is overlain by um- 
bers the SWZ is very thin or lacking (Gillis, 1987). In both 
cases this zone grades laterally and downward into a zone of 
variable intensity of alteration termed by Gillis and Robinson 
the Low Temperature Zone (LIZ). In this zone the devel- 
opment of secondary minerals tends to be controlled by the 

CaO 

Figure 3: CaO vs. C02 for each of pillows 1 to 4. 
Small circles are marginal or near marginal samples; 
large circles are interior samples. Trend lines based 
on interior samples project to values indicated 011 the 
plot at 0% CO2. These are interpreted as the CaO 
content of the pillow prior to the late phase of carbonate 
deposition. 

PETROGRAPHY 

According to Robinson et al. (1983), basalt and basaltic an- 
desite from the upper part of the volcanic sequence are typ- 
ically olivine- and clinopyroxene-phyric. Rarely did they 
find plagioclase present as a phenocryst phase and then only 
in intergrowths with clinopyroxene. The five pillows sam- 
pled contain <2% phenocrysts and only pillow 2 is olivine- 
phyric. The others are either plagioclase/clinopyroxene- or 
clinopyroxene-phyric, yet chemically all pillows belong to the 
high-MgOIhigh-Si02 suite of Robinson et al. (1983). 
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The groundmass comprises principally plagioclase, clino- 
pyroxene, and glassy mesostasis in various proportions, de- 
pending on the degree of crystallinity. Although best de- 
veloped in pillow centres, the crystallinity is rarely well de- 
veloped and as much as 30% mesostasis is common in the 
pillow interiors. Iron oxide is present only as intelmittent 
particles or as secondary phases in the mesostasis. Vesicles 
range in abundance from 5 to 25% through various parts of 
the pillows and from pillow to pillow. They are empty or 
variously filled with carbonate, smectite, and magma residue 
(segregation vesicles). 

VERTICAL COMPOSITIONAL PROFILES 
OF THE PILLOWS 

Introduction 

The considerable variation in the content of secondary dilu- 
ents (notably H20 and C02) within individual pillows requires 
some means of restoring the analyses to a diluent-free basis 
so that compositions of the less mobile elements can be com- 
pared on the same basis. Recalculating the analyses to 100% 
volatile-free (i.e. H20 + C02-free) does not address the fact 
that most of the C02 is present as calcite in veins and vesi- 
cles and must surely have been added as such. Hence, the 
CaO equivalent of the C02 should be removed in addition 
to H20. The adjusted analyses are given in Tables 1 and 2 
and the procedure of adjustment is given in the captions. The 
unadjusted data are available on request from the authors. 

The relations between CaO and CO2 in each of pillows 
I to 4 are illustrated in Figure 3. Pillow ,5 has a negligible 
C02 content and no adjustment for carbonate is necessary. 
In pillows 1 to 4, CaO and C02 show excellent co-variation 
above some minimum level of CaO which can be interpreted 
as marking the content in the rock prior to the introduction 
of calcite. We note, however, that the content ranges from 
3 to 5.7%. considerably lower than the CaO level typical of 
the high-MgOJhigh-Si02 suite. Robinson et al. (1983) report 
CaO contents in glasses of this suite as ranging between about 
8 and 12% and that of the glassy rim of pillow 5 (Tables 1 
and 2) is 9.6%. As noted earlier the calcite veins and vesicle 
fillings appear to post-date the major alterations that permeate 
these rocks (see also Gillis, 1987). Hence, the comparatively 
low CaO content remaining in pillows 1 to 4 after CO;! has 
been reduced to zero (Figure 3) may represent the depleted 
levels of lime that existed in these rocks after the bulk of 
the alteration had taken place. Although the major phase of 
alteration is believed to follow closely the formation of the 
crust at a spreading ridge, cross-cutting vein material may 
be emplaced as much as 15-20Ma later (StaudigeI and Hart, 
1985; Staudigel et al., 1986). 

Chemical variations through pillows 1 to 5 are shown in the 
profiles of Figures 4a (major elements) and 4b (trace ele- 
ments). The heavy lines in Figure 4a represent the analyses 
recalculated to 100% water- and calcite-free according to the 
method outlined in the captions to Tables 1 and 2, whereas the 
light lines are plotted from the original data. For the trace ele- 
ments (Figure 4b), only the recalculated data are plotted. For 
purposes of comparison the range of analyses from glasses 
of the same suite are shown by the columns between pillows 
1 and 2, and 4 and 5. The major elements are from Robin- 
son et al. (1983) and the trace elements from Rautenschlien 
et al. (1985) and Rautenschlein (1987). 

Pillow 5 seems to be comparable in geochemistry to the 
fresh glass and is therefore below the influence of the al- 
teration system affecting pillows l to 4. It is reasonable to 
conclude that compositions of pillows 1 to 4 were modified by 
the effects of prolonged exposure to cold circulating seawater 
from above. 

From Figures 1,2 and 4 taken together, changes attributable 
to the alteration are interpreted to be as follows: 

The enrichment in K20, Ba and Sr declines systemati- 
cally with depth; generally pillow margins are less en- 
riched than the interiors; 

The oxidation of iron decreases with depth and consis- 
tently increases at pillow margins with respect to cores; 

The content of iron also increases (with the exception of 
pillow 2) at the pillow margins; 

Although less systematic, Na20 increases downward and 
has a tendency towards enrichment at pillow rims; 

Si02 shows a slight general increase in composition 
downward but no systematic change at the pillow mar- 
gins; 

MgO, Ti02, and A120a are all variably enriched or de- 
pleted at pillow rims, although MgO, except for pillow 2, 
seems to be generally depleted at the margins. MgO 
may on average increase slightly downward to pillow 4 
(Figures 1 and 2) but neither A1203 nor Ti02 show any 
systematic variation with depth; 

CaO was not plotted in profile in pillows 1 to 4 since it 
was a factor in reducing the other analyses to a volatile- 
and carbonate-free base (see caption to Table 1). How- 
ever, from Figure 3 it is apparent that the carbonate- free 
values of CaO in each of pillows 1 to 4, as noted earlier, 
are well below fresh rock values and considerable CaO 
must have been lost prior to the introduction of carbon- 
ate. Also, the increasing base-level CaO content from 
pillows 1 to 3 may be indicative of its generally system- 
atic depletion upward in the sequence. Note in Figure 3 
that the rims tend to be more depleted in CaO than the 
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Figure 4: Compositional profiles across pillows 1 to 5: a Major elements; b Trace elemelits. Note that for pillows 2 
and 4 the lowcr and upper rims respectively are absent and [lie elid of the profile in each case is represented by a 
near rim specimen only. This ulldoubtedly accounts for the asymmetry or these profiles. Columnar boxes opposite 
each profile between pillows I and 2 and again between pillows 4 and 5 represent the range of compositions of 
glasses from the high MgO-high SiOz suite analyses by Robinson et al., 1983 and by Rautenschlein (1987) and 
Rautenschleiii et al. (1985). Analyses recalculated to 100% Hz0 + COz + CaCO3-free (Tables I and 2). 
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Zr PPm 

P i l l ow  interior 
o Pillow r i m  

f o r  CY-1 = 1.81 

Figure 5: Zr vs. Y plot of pillows 1 to 5. Rim and 
near rim samples are marked by open circles, interior 
samples by closed circles. The trend of the marginal 
samples differs markedly from that of the routinely- 
taken CY-I samples which define an average Zr/Y ratio 
for the succession of 1.8 1. The marginal samples are 
interpreted as having lost Y relative to Zr in compar- 
ison with the interior samples and the routinely-taken 
samples. 

interiors of pillows; in pillows 2 and 4 in  particular, the 
margin and near margin samples plot on the low CaO 
side of the trend line; 

Cr is markedly depleted in the pillow margins whereas 
Ni is slightly enriched with the degree of enrichment 
seemingly declining downward; 

Cu and Zn are both enriched at the margins of pillows. 

Zr and Y show variable patterns but, as illustrated in the 
Zr-Y plot of Figure 5, the marginal samples tend to be 
preferentially depleted in Y relative to Zr. This is evident 
in the trend line along which most of the rim samples 
lie and which intersects the Zr axis at about 29ppm. 
Compare this with the average trend line for the routinely 
taken samples of CY-I (not plotted in Figure 5) which 
passes through the zero point of the plot and defines a 
ZrlY ratio of 1.8 1. 

Sixteen of the samples were analyzed for REE. These data 
were normalized in the same fashion as the major and trace 
elements, and the normalized data are presented in Table 3. 
Where enough material was available the margins were an- 
alyzed; these are represented as (C)-core or (M)-margin in 
chondrite-normalized diagrams in Figure 6. 

Analyses of four glass samples from surface exposures of 
the Upper Pillow Lavas are given as a comparison in Figure 6. 

Pillow I 

Pillow 2 
C-152.54 1.46 3.32 
C-152.76 2.13 2.00 
M-152.96 1.84 6.32 

Pillow 3 
M-167.45 1.02 2.18 
C-167.70 1.41 3.89 
C-167.89 2.21 5.85 
M-168.41 .36 1.91 

Pillow 4 
M-291.95 1.28 3.72 
C-293.02 1.23 1.79 
M-293.31 .3 .55 

Table 3: Rare earth analyses (ppm) of pillow samples 
from the CY-I drillhole. Data are no~malized as de- 
scribed in Tables 1 and 2. The raw data set can be 
obtained from the authors. 

These glasses are characterized by light-REE depleted pro- 
files, with flat heavy-REE at 5- 10 times chondrites, and small 
negative Eu anomalies in the most evolved glasses (e.g. TR- 
I b). A characteristic of the Troodos Upper Pillow Lava is the 
slight enrichment of La over Ce - Nd, resulting in a concave 
REE profile from La - Sm. This must represent a primary 
characteristic of the source region of these lavas and may re- 
flect LIL-element enrichment of a strongly light-REE depleted 
(LaISm 0.2-0.3) peridotite source (Thy et al., 1985, Auclair 
and Ludden, 1987). 

Correlating REE abundance with MgO and Zr, a reason- 
able approximation of the abundances of the fresh pillows in 
CY-I would be those of Tr-12. The abundances of pillow 5 
are comparable to those of Tr-12, and given the analytical un- 
certainty in  these REE-poor samples, the variation in pillow 5 
reasonably approximates the total analytical error. 

The margins can be visually normalized relative to the cores 
in the figure and all samples can be compared with pillow 5 or 
Tr-12. Generally it is only the highly altered margin samples 
that show extreme REE mobility. However, if the normal- 
ization for HzO and C02 has successfully eliminated dilution 
effects due to vesicle and fracture filling by REE-poor so- 
lutions, the overall decrease in total-REE for pillows l to 3 
(Table 3) may reflect REE leaching associated with reaction 
with seawater. Given the fairly high proportion of an origi- 
nally glassy mesostasis in these pillows relative to such phases 
as clinopyroxene, which would be expected to represent the 
major REE reservoir in a crystalline basaltic rock, much of 
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Figure 6: Chondrite no~malized REE plots of the C02 and Hz0 normalized data. The fresh glass analyses are 
taken from Auclair and Ludden (1987). The primary composition of these pillow lavas is approximately that of 
TR-12 and pillow 5. The difference in the two analyses presented for pillow 5 approximates the analytical error. 
Anomalies in samples with 1 to 2 times chondritic abundances have been reevaluated by repeat spectral analyses, 
but must be interpretcd with caution. 
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the REEs are expected to be located in the glass. The rapid 
breakdown of this glass during seawater alteration would re- 
lease REE and may account for significant differences in the 
mobility of REE and other trace elements in basalt of differ- 
ing states of crystallinity (Humphries, 1984). The REE may 
reprecipitate it1 smectite veins or may be lost to the fluid. Sim- 
ilar arguments may be invoked for the preferential leaching 
of Y over Zr. 

In tlie altered margins it appears that the light-REE are 
leached preferentially to the heavy-REE. This would be con- 
sistent with their relative ionic radii where the smaller heavy- 
REE might be expected to be more tightly bound in tlie glass, 
resulting in preferential leaching of the light-REE. The pillow 
margins are also leached of K20 (Figure 4a). Possibly this 
event is responsible for the leaching of the light-REE. Both 
positive and negative Ce anomalies are observed (pillows 3 
and 2 and 4 respectively). One must be prudent in interpret- 
ing these data given the precision of Ce analyses by INAA at 
1-2 ppm. Nonetheless, careful examination of the spectra in- 
dicate that these anomalies are probably real and may reflect 
a seawater signature on the one hand (Ludden and Thompson, 
1979), and incorporation of Ce by metalliferous enrichments 
at the pillow margin on the other. The higher total iron, Ni, 
and Zn contents of marginal sample M-168.41 is supportive 
of the latter process. 

The fresh glassy margins and unaltered primary minerals 
of pillow 5 would seem to indicate that it has undergone very 
little alteration. Yet its compositional profiles are difficult 
to explain by primary processes alone. The compositional 
profiles are shown in Figure 4 and for the major elements 
again in Figure 7 where they are compared with microprobe 
analyses of glass of the lower rim and of the smectite blebs 
of the interior. 

For a number of the elements the profiles in pillow 5 are 
remarkably symmetrical and signify systematic differences in 
composition between rims and interior of pillow 5. Assuming 
the rims represent the lava composition the interior has been 
depleted in SiO2 and enriched in AI2O3, MgO, TiOz, and 
moderately enriched in Na20. For the trace elements we do 
not have the pure glass analysis for comparison, but from tlie 
shape of the profiles (Figure 4b) we can judge that tlie interior 
has been slightly enriched in Cr and depleted in Mn and Cu. 
The interior is more oxidized than the rims, but is still less 
oxidized than that of any of the four pillows in the sequence 
above. 

Note that the microprobe and XRF analyses of the lower 
rim. are significantly different for CaO and Fe203 (total). Mi- 
nor differences might be expected between the glass alone and 
the whole rock sample because of the minor palagonitization 
which would have been included in the latter. The slight in- 
crease in K20 at the margins is probably attributable to this 
effect. However the larger differences are most likely due to 
differences in the analytical methods. If so a better compari- 
son of these elements between the glass of the lower rim and 
pillow interior would be given by the short dashed lines in 

P i l l o w  5 

Figure 7: Compositional profiles of pillow 5 showing, 
in  addition, the average microprobe analysis of glass at 
the lower rim (arrow and broad dashed line) and of the 
groundmass smectite blebs in one of the interior sam- 
ples (solid square). Probably the differences in lower 
rim compositions between the microprobe and XRF 
analyses are largely due to differences in analytical 
methods. If  so, the short dashed line, which assumes 
their equivalence for these elements, is a better basis 
of comparison between the glass and profile. Analyses 
recalculated to 100% HzO + C02 + CaC03-free. 

the CaO and Fe203 (total) profiles of Figure 7 which assume 
coincidence of the whole rock and glass compositions. 

DISCUSSION 

Compositional variation within both the upper part of the lava 
sequence and individual pillows distributed through it  can be 
interpreted in terms of four regimes of alteration which in- 
volve respectively: (1) the rims of pillows I to 4; (2) the 
interiors of pillows 1 to 4; (3) pillow 5; (4) late open-space 
fillings. The first two regimes are within a zone severely and 
pervasively conditioned by reaction with circulating seawa- 
ter but the third is just below this zone in a region of fairly 
uniform composition and little apparent alteration. The fourth 
regime postdates the others and can be interpreted as the long- 
term filling of voids by cold groundwaters of oceanic prove- 
nance. Gillis (1987) subdivided the alteration of the Troo- 
dos lava sequence into four cl~ronological stages of which the 
first three were continuous and the fourth distinctly later. The 
regimes of this study are not chronological and not equivalent 
to Gillis' stages. However, parts of her third stage (calcite de- 
position in voids) and fourth stage (late calcite, palygorskite, 
and gypsum veins) may be represented here by the fourth 
regime. 
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The significance of tlie four regimes is interpretable in 
terms of a spreading environment by relation to the model 
of Gillis and Robinson (1988). In tliis model tlie upper part 
of the oceanic crust responds to the spreading centre ther- 
~nal regime with development of four successively deeper 
zones; the SWZ and LTZ already noted, the Transitional Zone 
(TZ), and the Upper Dyke Zone (UDZ). 'l'hey result from 
a stepped geotlie~mal gradient that rises sharply at the TZ: 
above this zone, tlie permeable, mainly pillow lavas are effec- 
tively cooled (GO-100°C) by vigorous circulation of seawa- 
ter; below in tlie less permeable dykes and lavas, an impeded 
circulation and restricted water content permits higher tem- 
peratures to be attained (>200°C). The SWZ, resulting from 
continuing reaction with cold oxygenated seawater, migrates 
downward with crustal aging. 

Regimes 1 and 2 are within the SWZ, and Regime 3 in 
the LTZ of Gillis and Robertson (1988). The method of re- 
calculating the analyses to 100% without H20, C02, CaC03, 
(caption Table 1) essentially removes tlie effects of the fourth 
regime. Hence, tlie compositional profiles of Figures 4 and 7 
reflect mainly the effects of the first three regimes. 

The compositional differences between the rims and the 
cores of pillows I to 4 may be attributed to contemporaneous 
but distinct alteration environments, to successively imposed 
environments, or to both. Generally the differences are at- 
tributed to the differences in  waterlrock ratios between mar- 
gins and cores arising from the greater permeability at tlie 
margins (e.g. Spooner et al., 1977; Humphries and 'I'hotnp- 
son, 1978; Seyfried et al., 1978). However, other factors may 
include the greater reactivity of the glassy rim in compari- 
son with the crystalline interior (Seyfried and Bisclioff, 1979; 
Seyfried and Mottl, 1982; Seyfried, 1987) and tlie greater po- 
tential for oxidation at the rim where oxygen-bearing seawater 
is more accessible (Spooner et al., 1977; Seyfried, 1987). 

Gross changes in composition of the upper four pillows as 
manifested by their interiors, are principally as follows (Fig- 
ure I, Figure 4): enrichment in K20,  Ba and Sr; depletion 
i n  CaO, NazO, and to a lesser degree Si02 and MgO; and 
increased oxidation of iron. These are all changes that dimin- 
ish with depth in the sequence and are obviously related to 
tlie influence of downward moving seawater. Changes of a 
similar nature were reported by Thompson (1973) and related 
by him to seafloor weathering as opposed to hydrotherm, 'I I ac- 
tivity. Even in very low temperature hydrothermal alteration 
(less than 70°C) the principal effect on basalt is a marked in- 
crease in MgO and reduction in CaO (Seyfried and Bischoff, 
1977, 1979). That is very different from seafloor weather- 
ing, where MgO is typically depleted. Seyfried and Bischoff 
(1979) attribute the difference, in the case of seafloor weath- 
ering, to the availability of a vast body of seawater which 
buffers the pH at a level below that at which appropriate clay 
minerals can form at seabottom temperatures. Thus, CaO, 
Na20, MgO, MnO, and Si02 could all be leached directly 
from basalt by seawater under conditions of seafloor weath- 
ering (Seyfried and Bisclioff, 1979). Similar conditions can 

probably be extended to the very permeable upper few hun- 
dred metres of ocean crust where it is not protected by sedi- 
mentary cover and is, therefore, subject to unimpeded access 
by seawater. Just such a case exists at tlie site of CY-I. 
Hall et al. (1987) have shown that tlie absence of imperme- 
able sedimentary units overlying the lava sequence at this 
site exposed the lava surface to seawater penetration for at 
least 25Ma. At low temperatures seawater invariably loses 
its K20  (and probably Ba) to any basalt with which it is in 
contact, whereas at higher temperatures (about 1 50' C) tlie 
flux reverses and basalt loses K20 to seawater (Seyfried and 
Bisclioff, 1979). Hence, the enrichments of K20  and Ba, the 
depletion of CaO, NazO, MgO, and SO2,  and the oxidation 
of iron in the upper 300m of tlie volcanic sequence can all be 
related to the convective circulation of cold seawater. Since 
Sr does not correlate with COz it  is unlikely to be related 
to the late regime of carbonate void filling; therefore, it too 
probably owes its current distribution to a prolonged regime 
of seawater convection. 

At least some of tlie compositional differences between 
pillow rims and interiors are attributable to the Iiigher wa- 
ter/rock ratios which must generally have existed at the pil- 
low rims during seawater circulation. CaO, and where appli- 
cable MgO, clepletions at the pillow rims would be consistent 
with their tendency to be leached by cold seawater and to its 
probable greater flux there. Similarly the enhanced oxidation 
of iron at pillow margins must relate to the better accessibil- 
ity along margins of oxygenated seawater. By precipitation 
of hydrous iron oxides, this in turn can lower tlie pH of sea- 
water locally and lead to greater solubility of some elements 
(Seyfried and Bisclioff, 1979) (e.g. Mg, Ca, Sr?). Of less 
certainty are explanations for tlie relative depletions at pillow 
rims of K20  and Ba and enrichnnents of iron, Cu, Zn and to 
lesser degree Ni. 

Since K20, and presumably Ba, are characteristically lost 
from cold seawater in contact with basalt they might be ex- 
pected to be enriched at the pillow rims relative to interiors. 
Pillows sampled at DSDP Site 417 do show just such sys- 
tematic enrichment in K20  at their rims (Alt and Honnorez, 
1984). Moreover, a more oxidizing environment such as ex- 
ists at pillow margins would tend to promote the precipitation 
of celadonite with consequent enrichment of K20 (Seyfried 
et a]., 1978). Its relative impoverishment, therefore, is not 
readily explained. What may be s u n  analogous relationship 
between adjoining alteration zones was described by Alt and 
Honnorez (1984) from Site 417. Although these were zones 
within the interiors of pillows, rather than between rim sund 
interior, their explanation could have application here. Be- 
tween brown zones, marginal to fractures in pillow interiors, 
and adjoining light grey zones farther from the fracture, K20 
is consistently lost from the brown relative to the light grey 
zone and FeO (total) consistently gained. The presence of K- 
feldspar in the light grey zone and in its place in the brown 
zone the smectite, beidellite, is tlie basis for the explanation. 
K-feldspar in tlie presence of excess H+ alters to beidellire 
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with release of K'. At least part of the H+ required may 
have come from the oxidation of iron in the brown zone to 
Fe hydroxide. Moreover, the oxidizing environment of this 
zone should maintain a low level of iron in solution thereby 
creating a sink into which Fe ions, released by alteration of 
tlie grey zone, would migrate. Thus, the relative impoverish- 
ment of K 2 0  in tlie zone adjoining the seawater-rich interface 
(fracture) together with enrichment of FeO (total) is explained. 
'The parallel with pillows 1 to 3 of this study is obvious. The 
pillow rim would be equivalent to the brown zones and the 
interior, to the grey zones of Site 417. If this is so, the pil- 
low rims must have been fairly rich in plagioclase microlites 
which could Iiave been replaced by K-feldspar during an early 
stage of alteration. Then the breakdown of the feldspar (or 
other K-bearing secondary minerals) by the more acidic envi- 
ronment of the pillow rims would start the process described. 
Cu, Zn, and Ni enrichment at the pillow margins probably 
reflects an earlier enrichment of sulphides since all three are 
chalcophile but not otherwise closely similar chemically. Sul- 
phide enrichment at pillow margins relative to their interiors 
is not uncommon in oceanic basalts (Keays and Scott, 1976, 
Moore and Fabbi, 1971, and Baragar et al., 1977) and is 
generally attributed to selective leaching of metal sulphides 
from the pillow interiors after their rims cool and fracture. 
It seems possible that in the more severely altered pillows 
1 to 4 such concentration is exaggerated by oxidation of the 
sulphides. Note that in pillow 5, Cu and Zn, at least, show 
some measure of increase at the margins which would suggest 
that whatever the process responsible for this distribution it 
must have acted at an early stage of alteration. 

The impoverishment of Cr at most of the pillow rims is 
difficult to relate to any of the secondary processes since Cr 
is virtually insoluble in either cold or hot seawater (Seyfried 
and Mottl, 1982). It may be the one element in these pillows 
that could have been concentrated in the interiors by flowage 
differentiation, as advocated by Staudigel and Bryan (1981) 
for pillows at IPOD sites 417 and 418. Even pillow 5 with 
very little alteration shows a similar, although more subdued, 
profile. Chromite is present as a phenocryst phase in pillow 2 
and although vely sparse is a sufficiently concentrated source 
of Cr that very little imbalance in its distribution would be 
required to effect the profiles shown. 

Pillow 5, below the zone of prolonged cold water convec- 
tion, shows the effects of only very mild, presumably hy- 
drothermal alteration. Except for minor palagonite develop- 
ment, which might account for the slight increase of K 2 0  
at the pillow margins, the rims are glassy. Thus, the ma- 
jor part of the alteration shown by the compositional profile 
must be attributed to changes in the interior of the pillow. Its 
most obvious manifestation is the cryptocrystalline smectite 
which forms some 20 to 25% of the pillow interior. Its av- 
erage composition, determined by microprobe on one of the 
specimens, is plotted at the location of the specimen on each 
of tlie profiles of Figure 7. As can be seen from the posi- 
tion of the plotted value relative to that of the profiles, the 

addition of this smectite to the interior composition is consis- 
tent only with its higher MgO and lower SiOz values relative 
to those of the glassy rim. It is definitely inconsistent with 
the higher A12O3, Na20  and Ti02 of the pillow interior and 
seems to have had little effect on the profiles of CaO and total 
Fe203, despite its higher iron content. The only conclusion 
that seems tenable, therefore, is that the smectite development 
in the pillow interior resulted from a complex exchange with 
fairly low temperature hydrothelmal fluids with a resulting 
net gain of mainly MgO and loss of SiO2. Both A1203 and 
Ti02 are generally immobile and probably show gains only 
because of their relative concentration with Si02 loss. 
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APPENDIX - SAMPLE DESCRIPTIONS 

Pillow 1 

0.7 m thick. Comprises sparse well-formed phenocrysts of 
plagioclase and clinopyroxene in a groundmass of poorly 
crystallized plagioclase needles, clinopyroxene anhedra and 
an indistinct, turbid mesostasis. The  combined phenocryst 
content ranges from 0.75 to about 2 ~ m e c t i t e  is well developed 
in the mesostasis and plagioclase is generally recrystallized to 
a fine mosaic of probable alkali feldspar. Clinopyroxene is 
fresh. Vesicles, composing from 7 to 25 of the rock, are filled 
to  a varying degree with carbonate and smectite. 

Pillow 2 

1.56 m thick. Olivine, clinopyroxene, and a single cluster of 
chromite phenocrysts together total about 2 of the rock. Some 
degree of gravity settling is indicated by the presence in the 
lower part of  the pillow of the coarsest (1.3mm) olivine and 
the only clinopyroxene and chromite. The olivine is entirely 
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replaced by carbonate, smectite, and iron oxide. The ground- 
mass comprises a framework of plagioclase needles, inter- 
sertial and poorly developed clinopyroxene, and from about 
15 to 60% indistinct brownish mesostasis much replaced by 
smectite. Vesicles are minor (5-1 5%) and variously empty 
or partially to completely filled with carbonate and magma 
residue. Minor veins are filled with carbonate and in one 
case also zeolite. 

Pillow 3 

0.97 m thick. Small (0.2-0.5 mm), sparse (0.5-1 %) clinopy- 
roxenes are the only phenocryst phase present. They are gen- 
erally euhedral, blocky crystals and some show pronounced 
sector zoning. The groundmass, as in the case of the other pil- 
lows, comprises a poorly developed framework of plagioclase 
needles and interstitial clinopyroxene anliedra contained in an 
interconnecting turbid, reddish brown to pale green mesostasis 
charged with minute needles and particles of opaque. Vesicles 
form about 20 to 30% of the rock of which the majority are 
less than 0.1 mm diameter and occur in the mesostasis of the 
groundmass. These are generally empty except for smectite 
rims, but the sparse larger vesicles are filled with carbonate. 
In addition the rock is cut by a few carbonate-rich stringers. 
Clinopyroxene is invariably fresh, plagioclase is either re- 
crystallized to a fine, clear mosaic or has been replaced by 
smectite, and the mesostasis is both oxidized, as evidenced 
by its reddish colour, and partly replaced by smectite. 

Pillow 4 

1.36 m thick. The pillow is sparsely clinopyroxene- 
plagioclase phyric (0.5-3.5%) with slight concentrations of 
both phenocryst types in the lower part of the pillow sug- 
gestive of a minor degree of gravity settling. Clinopyrox- 
ene phenocrysts commonly show marked sector zoning. The 
groundmass is an ill-defined mix of poorly crystallized pla- 
gioclase and clinopyroxene and a pervading mesostasis of 
uncertain composition. Vesicles comprise 20 to 30% of the 
rock, but as in pillow 3, a high proportion are in the interstices 
of the groundmass. Those of less than about 0.2 mm diameter 
are filled with a fibrous smectite; above this size they have 
hollow centres or are empty. A few of the larger vesicles con- 
tain carbonate centres. Alteration is less severe than in pillows 
1 to 3. Nevertheless plagioclase shows patchy replacement 
by a clear isotropic mineral (analcite?) or is clouded with 
an indeterminable clay mineral and the mesostasis is much 
replaced with pale green smectite. 

Pillow 5 
1.05 m thick. Both margins of this pillow are composed of 
clear glass with generally less than 10% palagonite in vesicles 
and fractures. It is very sparsely phyric with both clinopy- 
roxene and plagioclase forming less than 0.5% of the rock in 
all parts of the pillow. The interior is semi-crystallized with 

I Smectite I (1) (2) (3) (4) (5) Av, of 17 1 
Si02 
A1203 
FeO'" 

MgO 
CnO 
Na20 
K20 
Ti02 
MnO 
Cr203 

Total 

Glasses 

84.86 85.85 85.66 83.85 

(3) (4) Av. of 10 

Si02 
A1203 
Fe@ 

MgO 
CaO 
Na20 
K2O 
Ti02 
MnO 
Cr203 

Total 

Plagioclase 

Si02 
A1203 
FeO* 
CaO 
Na2O 
K2O 

Av. of 6 

5 1.84 
30.40 
0.89 

14.09 
3.24 
0.08 

Table 4: Representative microprobe analyses of pla- 
gioclase, smectite, and glass of pillow 5. Analyst: M. 
Bonardi. 

bundles of minute plagioclase needles and patchy clinopy- 
roxene rather poorly segregated from the mesostasis. About 
20 to 25% of the pillow interior comprises curious, small (less 
than 0.5 mm), rounded blebs and irregular i~iterstitial masses 
of a uniform, pale yellow-brown, cryptocrystalline material 
which probe analyses (Table 4) suggest is iron-rich smectite. 

Many of the masses are dissected by curved fractures rem- 
iniscent of syneresis cracks in gel deposits. The blebs are 
presumably void fillings but differ from the groundmass vesi- 
cles of the other pillows in that their boundaries with the 
enveloping mesostasis are abrupt but n s t  sharp and they lack 
any suggestion of concentric layering. Apart from these blebs 
the lava of pillow 5 shows little alteration. Both primary 
crystal phases present are wholly fresh. Probe analyses of the 
groundmass plagioclase (Table 4), gives compositions ranging 
from An6:! to An75. 
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Abstract 

Major and trace element XRF analyses are presented for samples collected at regular intervals from the lavas 
in the upper part of Hole CY-1 and from the dyke section of Hole CY-4. In CY-4 the range in abundance of 
incompatible elements is larger than could be achieved by fractional crystallization, considering the limited vol- 
ume of cumulates in the Troodos complex. Instead three broad groups can be recognized, and a coherent picture 
emerges by accepting some degree of source heterogeneity. These mantle sources appear to be more refractory 
(i.e. higher Y/Zr, Ti/Zr, etc.) than the mantle sources feeding most present-day mid-ocean ridges. Interestingly, 
the Mg-rich Upper Pillow Lavas in CY-I seem to be higher degree melts of a less-refractory source. The 
range of compositions is best explained by interaction between asthenosphere and more-refractory lithosphere 
in a supra-subduction zone environment, with the sources being contaminated by subduction zone fluids. The 
closest compositional analogues are found in the Western Pacific arclback-arc systems. Careful analysis of 
Cr-Mg and Ni-Mg relationships suggest there may have been as many as ten individual batches of magma 
feeding the dyke suite at this locality; thus there were a series of individual magma pulses, the data offering no 
support for the classic model of a single continuously fractionating magma chamber. Plagiogranites seem to 
have evolved mainly from one of the three main magma groups. Some exotic external factors such as access 
by hydrothermal fluids or rafts of hydrothemally-altered sheeted dykes falling into the magma, were perhaps 
responsible for precipitation of titanomagnetite and initiating the fractionation trend toward plagiogranite. 

Les observations faites aux rayons X des Cchantillons d'ClCments trace et d'6ltments majeurs, prClevts ii des 
intervalles rCguliers, et provenant des laves situCes dans la partie supCrieure du trou de forage CY-I et de la 
section du dyke du trou CY-4. L'abondance et la variCtC de la gamme des ClCments incompatibles dans le 
trou CY-4 sont bien trop grandes pour Ctre le resultat d'une cristalisation fractionnelle, considerant le volume 
limit6 de cumulat dans le complexe filonien de Troodos. Ainsi, partant de I'hypothbse d'un certain degre 
d'httCrogCnCit6 de la source, on peut reconstituer un schema coherent et distinguer trois larges groupes. Ces 
sources mantellique semblent Ctre plus refractaires (c'est ii dire avec des rapports plus ClevCs YIZr, TiIZr, 
etc.) que les sources mantelliques alimentant les crEtes medio-ocbaniques actuelles. I1 est interessant de noter 
que les couches superieures des laves en coussinet riche en magnCsium dans CY-1 semblent Ctre des fusions de 
degrts plus ClevCs, provenant de sources moins refractaires. La meilleure explication que I'on puisse offrir pour 
cette gamme de compositions est celle de l'interaction entre I'aesthbnosph&re et une lithosphere plus rifractaire 
dans le contexte d'une zone de super-subduction dont les sources sont contaminees par des fluides provenant 
de la zone de subduction. Les compositions analogues qui se rapprochent le plus de celles-ci se trouvent dans 
les systemes de I'arc et du dos de I'arc de I'ouest du Pacifique. Une analyse detaillee des relations Cr-Mg 
et Ni-Mg suggbre qu'il aurait pu y avoir jusqu'h dix groupes magmatiques individuels alimentant la suite de 
dykes B cet endroit prkcis; il y a ainsi eu des sCries de poussbes magmatiques individuelles, car les donnCes 
n'appuient pas le mod2le classique d'une chambre magmatique unique qui se serait fractionnee continuellement. 
Les plagiogranites semblent s'hre dCveloppCs principalement h partir de I'un des trois principaux groupes de 
magma. Certains facteurs externes exotiques tels que la penetration des fluides hydrothermaux ou la tombCe 
de radeaux de groupes de dykes alteris hydrothermallement dans le magma seraient peut-Etre h I'origine des 
pkcipitations de titanomagnetite et du dtclenchement du fractionnement vers le plagiogranite. 
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INTRODUCTION 

This paper concentrates on the major and trace element cliem- 
istry of samples from two of the Troodos drillholes, CY-I and 
CY-4, using element concentrations determined by X-ray flu- 
orescence spectrometry at the University of Leicester. These 
holes together provide a section through part of what is tradi- 
tionally (e.g. Smewing et al., 1975) termed the Upper Pillow 
Lavas and the Sheeted Dyke Suite. In total 68 samples were 
analyzed from Hole CY- I through the depth range 20-468 m 
(the upper part of the Pillow Lavas) and 174 samples from 
Hole CY-4 in the depth interval 9 to 626m (most of the 
Sheeted Dyke Suite). The major elements dete~mined were 
Si, Ti, Al, Fe, Mn, Mg, Ca, Na, K, P (all as oxides, with 
Fe being reported as total Fe203, and LO1 (the total loss on 
ignition observed during preparation of fused discs for XRF 
analysis). Trace elements determined were Cr, V, Ni, Zn, Rb, 
Sr, Y, Zr, Nb, Ga, Ba, La, Ce, Nd, Pb, and Tli, although the 
levels of some of these elements (particularly Nb, La, Ce, and 
Th) were near or below the limit of detection by XRF tech- 
niques in many samples. Nonetheless despite the problem of 
low concentrations, and the added problem of element mobil- 
ity due to hydrothermal alteration, a number of key, relatively 
immobile, elements can be determined with sufficiently high 
precision by XRF methods to enable clear deductions to be 
made concerning the petrogenesis of the Troodos Complex. 

Consideration will be given below to four aspects: 

1.  A preliminary assessment of the extent of chemical mo- 
bility within the sample suite resulting from hydrother- 
mal activity. Although the degree of alteration in these 
two holes may be considerably less than in CY-2, i t  is 
important to try to assess the magnitude of the cliemi- 
cal effects attending alteration before any reliance can be 
placed on element abundances as a guide to petrogenesis. 

2. An assessment of the cliemical character of tlie main rock 
groups within the lavaldyke sequence, to emphasize 
the chemical differences between the broad petrological- 
chemical units, and to identify any differences between 
the Upper Pillow Lavas of CY-1 and the Sheeted Dykes 
of CY-4. The latter may feed just the Lower Pillow 
Lavas (e.g. Smewing et al., 1975), and perhaps the up- 
per lava units as well (Baragar et al., 1987). 

3. The geochemical data from the CY-4 dykes, where there 
is a greater range of variation than the CY-I lavas, will 
then be examined in more detail to determine the pro- 
cesses involved in the petrogenesis of the various mag- 
matic groups and sub-groups, including the silicic pla- 
giogranites. None of the gabbro samples drilled were 
available to us in this study, hence our conclusions are 
based entirely on the presumed liquid or liquid + crystal 
intrusive dykes and extrusive components of the com- 
plex. 

4. Troodos has long been regarded as the type ophiolite, 
but it has been debated whether the ophiolite represents 

true ocean basin crust, back-arc basin crust, or the roots 
or fore-arc of an island arc. Objective comparisons will 
be made with drill- and dredge-sample data from modern 
ocean basins, back-arc basins, and island arcs to ascertain 
the probable tectonic setting of the Complex. The data 
used in tliis exercise has all been analyzed in the same 
laboratories using the same techniques and standards. 

Sampling 

Figure 1 illustrates the location of samples used in tliis study 
in relation to the drillholes and the standard section. The 
freshest possible samples were selected, to represent a par- 
ticular cooling unit, or the visible extremes of such units. 
At each sample point about five one-inch diameter minicores 
were extracted from the main drill core. After washing, tlie 
samples were coarse-crushed (to <2 mm) using a Fritsch jaw 
crusher fitted with hardened tool steel jaw plates. A Fritsch 
planetary ball mill fitted with agate barrel and balls was used 
for final crushing, and representative splits were taken and 
sealed for distribution. 

Analytical Techniques 

Major and trace element analysis of the samples was carried 
out using a Philips PW1400 X-ray fluorescence spectrometer. 
Analytical techniques used were closely comparable to those 
used during the study of DSDP basalt samples (Legs 49, 58, 
59, 69, 70, 72, and 83). Major elements were determined on 
fusion discs (1  : 5 mixture of pre-ignited sample and JMIOOB 
lithium tetraboratelmetaborate flux) using a Rh anode, the 
count data being processed using the de Jongh style, a coeffi- 
cient correction model (de Jongh, 1973). Trace elements were 
determined on 46 mm pressed powder discs using a Rh anode 
for Nb, Zr, Y, Sr, Rb, Th, Ga, Zn, and Ni, and a W anode 
for V, Cr, Ba, La, Ce, and Nd. Appropriate corrections were 
made for peak overlaps of Sr on Zr, Rh (Rayleigh) on Rb, Rb 
on Y, Ti on Ba, Ti on V, V on Cr, and the mutual overlap 
of Ce on Nd and Nd on Ce. Corrections for mass absorption 
were made using tube scatter lines RhKa (Compton) or WLP 
(Rayleigh), and corrections across the Fe absorption edge (for 
V, Cr, Ba, La, Ce, and Nd) were made using the method of 
Walker (1 973). Table 1 (page XX) gives relevant information 
on precision and accuracy. 

Analytical data for major and trace elements and calculated 
C.I.P.W. norms are given in Table 2 for Hole CY-I and in 
Table 3 for Hole CY-4 (see end of paper for these tables). 
Because measured concentrations of Th, U, and Pb in CY-I 
and the upper part of CY-4 were considered too low to be 
reliable, these elements were not determined in samples from 
the lower part of CY-4. Some samples contain appreciable 
quantities of secondary hydrous minerals. Values for the ob- 
served loss on ignition (LOI) are given in the tables. This 
represents tlie total loss observed during preparation of the 
fused glass discs for XRF major element analysis. All major 
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Figure 1: Outline geology of Cyprus showing the location of Drill-Sites CY-1, CY-2, and CY-4 in the Troodos 
Complex. 

element concentrations used in plotting have been recalculated 
volatile-free to aid comparisons. 

GEOLOGICAL BACKGROUND 

Following the early geological and geophysical studies 
(Wilson, 1959; Gass and Masson-Smith, 1963) that estab- 
lished the main features of the Troodos Complex, including 
the existence of high-Mg pillow lavas (Gass, 1958), the new 
concepts of seafloor spreading and plate tectonics allowed 
the Complex to be interpreted as a section of oceanic crust 
(Gass, 1968; Moores and Vine, 1971; Greenbaum, 1972). 
Kidd and Cann (1974) for instance used the chilling statis- 
tics of the sheeted dykes to predict that the spreading ridge 
lay to the west. Indeed the exposed upward sequence of 
harzburgite-tectonite, cumulate ultramafics, gabbro, sheeted 
dykes, pillow lavas, and the associated Fe-Mn rich sediments 
and sulphide mineralization, has had a considerable influence 
on models of ridge spreading processes. Geochemical studies 
(Smewing et al., 1975; Smewing and Potts, 1976; Kay and 
Senechal, 1976) confirmed the depleted MORB-like charac- 
ter of the basalts, and isotopic and fluid inclusion studies 

(Chapman and Spooner, 1977; Spooner, 1977; Spooner and 
Bray, 1977; Spooner et al., 1977) have confirmed that sea- 
water was the active fluid during hydrothermal alteration and 
mineralization. Moores and Vine (1971) suggested that the 
Arakapas Fault in the southern part of the Complex could 
be interpreted as a fossil oceanic transform, and Simonian 
and Gass (1978) proposed that the whole of the southern Li- 
massol Forest region may be a transform domain, with the 
characteristics of a leaky transform (Murton and Gass, 1986). 
Gass and Smewing (1973) proposed a time gap between the 
more silicic Lower Pillow Lavas + dykes (the Axis Sequence 
that had been severely affected by contemporaneous ridge hy- 
drothermal activity and local sulphide mineralization), and the 
Mg-rich olivine basalts, limburgites, and picrites (Searle and 
Vokes, 1969) that characterize the Upper Pillow Lavas. They 
interpreted the Upper Pillow Lavas as later off-axis volcan- 
ism. 

The controversy sparked by the proposal of Miyashiro 
(1973, 1975), that the silicic Lower Pillow Lavas might 
represent the roots of an island arc (see response by Gass 
et al.. 1975). seemed partly resolved by suggestions that Troo- 
dos could represent spreading in a back-arc basin (Pearce, 
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BOB-l W- l BE-N 
Mean o Mean o Mean o 

SiOz 50.20 f 0.185 52.09 f 0.534 39.25 f 0.350 
TiOl 1.28 f 0.005 1.08 f 0.008 2.66 f-0.028 
A1203 16.54 rt0.062 14.88 f 0.133 10.22 f 0.092 
Fe203 8.61 f 0.033 11.07 f0.044 13.10 fO.013 
MnO 0.14 f 0.003 0.17 f 0.000 0.20 f 0.000 
MgO 7.57 f 0.004 6.66 f 0.104 13.53 f 0.021 
CaO 11.21 f0.027 11.00 f O . l  19 14.28 f 0.014 
N a 2 0  3.08 f 0.046 2.17 f 0.072 3.28 f 0.042 
K 2 0  0.353 f 0.003 0.629 f 0.007 1.433 f 0.009 
P2Os 0.169 f 0.006 0.135 f 0.002 1.072 fO.OO1 
LO1 0.73 f 0.08 0.52 f 0. l l 2.73 f 0.07 

Rh X-ray tube  trace element program 

Nb 4.5 *0.26 7.5 f 0.50 1 1  1.2 f0.67 
Zr 102.2 f 1.03 93.3 f 2.09 280.1 f 2.69 
Y 27.9 f 1.03 22.7 f0.71 29.7 f 0.17 
Sr 194.8 rt1.58 188.5 f 1.38 1431.9 f 9.43 
Rb 6.1 f 0.95 22.6 f 0.52 50.4 f 0.45 
T 1.6 f1.21 2.5 f1.29 13.7 f0.65 
Ga 15.3 f 0.73 18.6 f 0.74 18.2 f 0.73 
Zn 68.1 f0.67 90.1 f 1.07 132.1 f 1.13 
Ni 109.9 f 3.02 75.8 f1.18 291.6 f 3.42 

W X-ray tube lrace element program 

V 244.0 f 4.48 270.9 f 3.45 254.2 f 1.61 
Cr 305.2 f 1.71 133.2 f 0.84 374.2 f 4.06 
Ba 37.5 f 0.82 166.9 f 3.28 1106.0 f 12.26 
La 5.8 f 0.92 11.8 f 1.06 85.3 f 1.30 
Ce 12.8 f1.97 23.8 f1.35 151.4 f1.45 
Nd 10.7 f 1.09 12.7 f 1.82 64.2 f 0.44 

Table 1: Precision and accuracy of XRF results based 
on analyses of three standard rocks: BOB- I ,  W- I, and 
BE-N. Data were acquired during analytical runs for 
CY-I and CY-4 samples and refer to mean values for 
seven analyses of each O F  the standard rocks. In  the 
case of loss on ignition (LOI) the data are based on 
duplicates only. Major element data for Birmingham 
Ocean Basalt (BOB-I) refers to seven repeat analy- 
ses of the same bead. Major element data for diabase 
W-1 refers to seven analyses from four separate beads 
produced at different times. Major element data for 
BE-N refers to seven analyses from two beads made at 
the same time. Although the CY-I basalts and CY-4 
diabases were analyzed at different times, no signifi- 
cant analytical differences were observed for the stan- 
dard rocks analyzed simultaneously with the two sam- 
ple sets. 

1975, 1980). The growing data set on basalts from modern 
back-arc basins (summarized in Tarney et al., 1977, 1981; 
Saunders and Tamey, 1984) showed that significant geo- 
chemical differences exist between some back-arc basalts and 
MORB, attributable to the influence of the subducting slab in 
the back-arc region, and that simple criteria could be erected 
to distinguish the two (Saunders et al., 1980; Pearce, 1980). 
The high primary volatile contents of Troodos basaltic glasses 

(Muenow et al., 1990) are also compatible with a back-arc ori- 
gin. Nonetheless uncertainties in finding an acceptable tec- 
tonic environment for all the component rock types i n  Troo- 
dos remain. Wood (1979) tried to account for-the Mg-rich de- 
pleted Upper Pillow Lavas in terms of second stage melts fol- 
lowing the dynamic melting model of Langmuir et al. (1977), 
as did Duncan and Green (1980). But such Mg-rich depleted 
basalt compositions have yet to be located in modern back-arc 
basins. Moreover the picritic Upper Pillow Lavas on Cyprus 
have many mineralogical, textural and chemical similarities 
with boninites (Cameron et al., 1979; Cameron and Nisbet, 
1983; McCulloch and Cameron, 1983), which have only been 
recorded to date in the fore-arc region of modem arcs (see 
Crawford et al., 1981, 1986; Tamey et al., 1981; Hickey and 
Frey, 1982). Boninites are regarded by these authors and 
by Tatsumi (1981) as a product of wet melting of refractory 
mantle underlying the volcanic arc: this would accord with 
the generally vesicular nature of the Upper Pillow Lavas on 
Cyprus. These tholeiite-boninite associations might have de- 
veloped during splitting of a primitive volcanic arc (Flower 
and Levine, 1987), as obviously happened during develop- 
ment of the Mariana Arc system (Tamey et a]., 1981). 

Two more recent studies near the drill site, on the ma- 
jor element compositions of glasses (Robinson et al., 1983) 
and the whole-rock trace element abundances (Schmincke 
et al., 1983), have emphasized the lack of a metamorphic dis- 
continuity between the upper and Lower Pillow Lavas. How- 
ever both studies note the upward change from more silicic 
Mg-poor basalts to Mg-rich basaltic lavas. The Lower Pillow 
Lavas are interpreted as a differentiated arc-tlioleiite suite, tlie 
upper as a boninitic suite, similar to that in the Mariana fore- 
arc. There is of course no arc as such: this is regarded as 
incipient. One problem with this model is that the Lower Pil- 
low Lavas of the Arakapas Fault zone are also Mg-rich, and 
not easily distinguishable chemically from the Upper Pillow 
Lavas (Simonian and Gass, 1978). Following trace element 
and isotopic studies in this region, McCulloch and Cameron 
(1983) suggested that, whereas a component of seawater Sr 
could be recognized in the isotopic compositions of the lavas, 
there was also a large variation in Nd isotopic composition- 
that did not overlap the MORB field-despite the depleted 
character of the Troodos basalts. Both the trace element and 
isotope data indicated heterogeneity in the source, and sug- 
gested the presence of two components, one enriched, tlie 
other depleted i n  incompatible elements. 

Pb isotopic studies of Troodos lavas by Hamelin 
et al. (1984) also demonstrated significant source hetero- 
geneity, and a continental Pb component with enhanced 
2 0 7 ~ b / 2 0 4 ~ b  isotopic ratios significantly different from nor- 
mal MORB and strongly suggestive of an island arc environ- 
ment. Similarly, in their trace element and Sr-, Nd-, Pb- and 
0-isotopic study of selected fresh volcanic glasses from the 
Akaki region, Rautenschlein et al. (1985) argued that much of 
the isotopic data could be explained by contamination of the 
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Troodos mantle source by about 0.5% subducted oceanic sed- 
iment plus a small contribution from seawater Sr, and that this 
also could account for some variation in the more incompat- 
ible LIL-element abundances. On balance they favoured an 
incipient island arc rather than back-arc origin for tlie Troodos 
ophiolite. Interestingly the level of sediment contamination 
deduced is similar to that proposed for the Mariana Arc (Hole 
et al., 1984; Whitehead et al., 1984) based on other geochem- 
ical evidence. 

The problem of 'an arc without an arc' is further confused 
by tlie more recent studies of Varga and Moores (1985a, b) 
along the northern margin of the Troodos Complex. They rec- 
ognize three structural graben, bounded by listric and normal 
faults and defined by rotated dykes dipping toward the graben 
axes, which are the focus of extensive hydrothelmal activ- 
ity and mineralization (Schiffman et al., 1987). The graben 
are interpreted as fossil axial valleys produced by successive 
eastward ridge jumps of about I0 km. If substantiated, such a 
model would imply a considerable variation in thermal input 
at any particular point with time, which may offer an ex- 
planation for the observed differences in basalt compositions. 
Moores et al. (1984) also proposed a tectonic model for the 
belt of ophiolite complexes between Cyprus and Oman, draw- 
ing analogies with the Andaman 'Sea, and invoking oblique 
subduction of the African Plate beneath an oceanic plate to the 
northeast, resulting in back-arc spreading without significant 
arc development. 

Clearly this supposedly classic section of uplifted ocean 
floor may turn out to be anything but typical. But it may 
be possible to reconcile magmatic and tectonic models. A 
prime objective must be to try to identify and quantify the 
petrogenetic processes involved. Three immediate observa- 
tions may be made. First, most basalts/dykes/gabbros are 
quite depleted in incompatible elements compared with Nol-th 
Atlantic MORB (e.g. Tarney et al., 1979a, b, 1980). implying 
that the mantle source was also markedly depleted. Second, of 
tlie total volume of igneous rocks produced, cumulates form 
110 more than about 15% of the total thickness of about 5 km 
in most measured sections: there appears to be little scope 
for fractional crystallization to enhance incompatible trace el- 
ement levels (which valy by a factor of about 10). Third, a 
conside~rlble volume of quite high-Mg lavas was erupted, ap- 
parently escaping the buffering effects of a continuous magma 
chamber: tliere is appreciable primary isotopic, and trace el- 
ement, heterogeneity amongst the Troodos lavas. 

GEOCHEMICAL EFFECTS OF 
ALTERATION 

Whether element mobility occurs during liydrothermal alter- 
ation depends on two factors: tlie nature of the mineral assem- 
blages developed at a particular temperature and the volume 
of fluids passing through the rock (fluidlrock ratio). Because 
of the high geothermal gradient at a spreading ridge there is 

a rapid change in metamorphic facies and mineralogy down- 
ward (see Cann, 1979; Stern and Elthon, 1979). But tlie fluid 
activity varies according to the proximity of Iiydrothelmal 
discharge zones. Almost all DSDP drilled samples we have 
previously studied show the effects of alteration, particularly 
with respect to Rb and K, and sometimes for other elements 
such as Ba and Sr (e.g. Floyd and Tamey, 1979). But ele- 
ments such as Zr, Nb, Ti, Cr, Y, and the REEs are mostly 
unaffected. Indeed the high field strength elements Zr, Nb, 
Hf, and Ta are immobile in  MORB, even at advanced stages 
of low-grade alteration (Bienvenu et al., 1990). 

Few, if any, of the Troodos drilled samples can be con- 
sidered really fresh. All have been affected to a greater or 
lesser extent by hydrothermal fluid activity. As continued 
hydrothermal activity in the upper sections of ocean crust 
leads to the development of clays, zeolites and other low- 
grade hydrous minerals, then the extent to which a sample 
has been affected can be gauged (to a first approximation) 
by its total volatile content, This is less valid at deeper lev- 
els in tlie ocean crust because the higher grade asselnblages 
developed (e.g. amphiboles) are not particularly Iiydroi~s. In- 
deed changing mineralogy with depth can completely reverse 
the behaviour of certain elements in this regard: for instance 
whereas K and Rb may be readily absorbed by altered glass 
or zeolite- or clay-dominated secondary assemblages at shal- 
low levels, they may be excluded from amphibole-dominated 
assemblages at deeper levels. Nonetheless the degree of mo- 
bility or loss/gain of a particular element can often be as- 
sessed by comparison with other immobile but incompatible 
elements with which they nolma!ly exhibit coherent behaviour 
in unaltered samples. Figures 2, 3, and 4 are selected plots of 
more mobile elements against LO1 (loss on ignition) for all the 
samples analyzed in Hole CY-I and samples from tlie upper 
part of Hole CY-4. Note that the element values used in these 
plots are those recalculated volatile-free to avoid sympathetic 
changes with the often large volatile content. The results are 
surprising in that there is almost a complete separation of 
Holes CY-1 and CY-4 on these plots, a consequence of the 
consistently much higher volatile content of CY-I samples, 
particularly in tlie vesicular pillow lnvas and brecciated ma- 
terial. This arises from the abundance of secondary clays and 
zeolites (as detailed in the downhole lithologic descriptions). 

Curiously, despite this extensive absorption of circulating 
fluids, there are major changes in abundance in only three el- 
ements in the CY-I samples. Silica shows a smooth and con- 
sistent decrease with increasing volatile content (Figure 2). 
Conversely, KzO (Figure 3) and Rb (not shown) often clis- 
play a more erratic but very significant increase, to more than 
an order of magnitude above likely primary values reported 
for fresh glasses from this region by Robinson et al. (1983). 
These systematic changes presumably reflect replacement of 
glass and infilling of vesicles by zeolites, clays, gypsum, and 
carbonate. Above 10% total volatile content, Ca concentra- 
tions rise systematically in a few samples, a consequence of 
impregnation by gypsum and carbonate. Apart from these 
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Figure 2: Plot of wt.% SiOz (recalculated dry) against 
LO1 for CY-1 Upper Pillow Lavas and for sheeted 
dykes from the upper part of CY-4. 
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Figure 3: Plot of wt.% K20 (recalculated dry) against 
LO1 for CY-I Upper Pillow Lavas and for sheeted 
dykes From the upper part of CY-4. 

systematic changes there are more erratic ones. We stress that 
the total primary range of chemical variation in Hole CY-I is 
considerably less than in Hole CY-4, as judged for instance 
by the relative range in abundance of 'immobile' elements 
such as Zr (Figure 5) Ti and P. These elements exhibit co- 
herent behaviour (see below) and we suspect that they have 
indeed remained immobile, although their abundances may 
have changed in the more heavily impregnated altered sam- 
ples. Elements which show a greater relative variation in 
CY-I than in CY-4 samples may have been moved locally 
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Figure 4: Systematic difference in zinc content be- 
tween CY-4 Sheeted Dykes and CY-I Upper Pillow 
Lavas that is not directly correlated with degree of al- 
teration, as measured by volatile content of the sam- 
ples. 

during alteration, but may not necessarily have been removed 
from the lava pile. Values for Ca, Al, and Mg show more 
scatter than predicted, although the scatter for Mg is smaller 
than for the other two, perhaps because alteration is affect- 
ing tlie glassy mesostasis rather than the Mg-rich crystalline 
phases. There is appreciable scatter for Ba, suggesting that 
(as with K and Rb) there may have been up-take of Ba within 
the lava pile. On the other hand Sr  values are surprisingly 
consistent, suggesting Sr  has remained immobile. The sys- 
tematic difference in Zn (Figure 4) between CY-I and CY-4 
suggest that the upper lavas have been mineralized to a mi- 
nor extent, although this is not accompanied by any obvious 
difference in Pb abundance. Whether this might be a primary 
difference could be resolved by comparison of the Upper and 
Lower Pillow Lavas in CY- I ICY- I A. 

The dyke samples from CY-4 clearly have much lower 
volatile contents, and there are no consistent trends with any 
alteration-related parameter, which leads to the conclusion 
that they may be less altered. It is therefore important to 
focus first on CY-4 samples in t~ying to explain prima~y pet- 
rogenetic relationships, and then attempt to integrate the data 
on CY- I lavas. 

PETROGENETIC RELATIONSHIPS: CY-4 
DYKES and CY-1 LAVAS 

With the uncertainties concerning element mobility during hy- 
drothermal alteration, it is necessary to focus on elements that 
are relatively immobile. Zr and Y are probably the most use- 
ful elements in this regard. They are amongst the least mobile 
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Figure 5: Plot of Y vs. Zr for CY-1 Upper Pillow 
Lavas and for dyke samples from CY-4. The dashed 
line represents the best-fit line through CY-4 samples, 
and intersects the Y axis. CY-I samples are displaced 
slightly to higher Zr values. 

trace elements, they can be determined with high precision 
by XRF techniques-particularly within the range normally 
found in basaltic rocks, and their behaviour during magmatic 
processes is well known. Both remain essentially incompat- 
ible within basaltic magma compositions during fractional 
crystallization. Thus any single magma batch will retain a 
nearly constant Y/Zr ratio over an appreciable fractionating 
range (in reality a slight curve, because Y is preferentially in- 
corporated in clinopyroxene). On the other hand, source het- 
erogeneity and differences in the degree of partial melting can 
cause Y/Zr ratios to vary markedly between different magma 
batches. For the purposes of comparison in understanding 
Zr-Y relationships, data for North Atlantic MORB (Reyk- 
janes Ridge, 45ON, FAMOUS; from Tamey et al., 1979), for 
marginal basin basalts and for primitive island arcs (Scotia 
Region and West Pacific; summarized in Tarney et al., 1980 
and in Saunders and Tarney 1984) are included in Figures 
7-9. High precision Zr-Y determinations are a particularly 
sensitive method of distinguishing different magma batches. 

A Zr vs. Y plot for all CY-I lavas and CY-4 dykes is 
shown in Figure 5. Each sample represents a different pet- 
rographic unit, based on initial examination of the drill core. 
All are essentially liquid compositions. CY-1 samples fall 
near the centre of the distribution, but some have slightly 
lower Y/Zr ratios than CY-4. There is a reasonable linear 
trend between Zr and Y, but the Z r N  ratio is continuously 
variable. In fact the best-fit line through the CY-4 samples 
intersects the Y axis. Such a relationship is impossible to 
explain through crystallization of a single magma batch. The 
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Figure 6: Y-Zr relationships in tlie upper part of CY-4. 
There are broadly three main groups, A, B, and C, cach 
with different Y E r  ratio. Most of the plagiogranitcs 
appear to be linked to Group B. 

range in Zr abundance (from about 6 ppm to almost 80 ppm) 
would require about 95% crystallization of the most primitive 
magma, witli a complementary volume of cumulate gabbros 
many times more than is observed on Cyprus. Moreover 
such cumulates would need to have significantly higher Y/Zr 
ratios than the dykes: gabbros with these characteristics do 
not exist on Cypri~s as far as we are aware. These simple 
constraints would not significantly be circumvented by a con- 
tinuously fractionating, periodically refilled magma chamber 
model (O'Hara and Matthews, 1981). The observed Zr-Y 
trend could, at least theoretically, be reproduced by a partial 
melting model, but would require a large range in the degree 
of partial melting and the postulating of some strange primary 
melt compositions, both of which are unrealistic. Moreover, 
there may be a significant volume of gabbro (representing a 
possible magma chamber) under tlie sheeted dykes. 

The more realistic solution is shown in Figure 6, where 
individual dyke samples from the upper part of Hole CY-4 
have been divided into three broad groups (A, B, and C) with 
approximately constant Zr/Y ratios. This implies that there 
are (at least) three separate magma batches represented in this 
part of the drilled section. In fact all samples from CY-4 can 
be assigned provisionally to one of these three groups, and 
different symbols are used for these subdivisions on subse- 
quent diagrams where appropriate. Many samples from the 
Upper Pillow Lavas in CY-1 also fall into these groupings, 
though the majority corresponds witli Group C. Most of the 
plagiogranite compositions have affinities with Group B. 

Figure 7 shows how the three groups of Troodos samples 
compare with mid-ocean ridge basalts from the North Atlantic 
(DSDP Holes 407-41 3; data from Tamey et al., 1979) and the 
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ITroodos Groups A, B & C compared with MORB( 

Figure 7: Comparison between Troodos basalts and 
MORB in terms of Y-Zr relationships. Troodos 
Groups A, B, and C encompassing all samples in Hole 
CY-4 are shown. Fields including basalts drilled near 
Iceland, 45"N, and near the Azores (FAMOUS area) 
are shown within dashed lines. Each represents a co- 
herent chemical unit with the same Y E r  ratio. O~ily 

, 

the most 'depleted' MORB from the Atlantic and Pa- 
cific plot near the Troodos samples. Data from Tamey 
et al. (1979) and Marsh et at. (1983). 

Pacific Nazca Plate (Hole 504B; data from Marsh et al., 1983). 
Note that Y/Zr ratios are constant within each chemical unit, 
justifying the separation of the Troodos basalts into three geo- 
chemical groups. The North Atlantic basalts are mostly 'E- 
type' or 'T-type' MORB and there is very little overlap with 
Troodos basalts. In fact only the depleted basalts at Sites 41 1 
and 4 13 in the FAMOUS area approach the Troodos Y/Zr ra- 
tios. Basalts from Hole 504B are amongst the most depleted 
MORB described, and just overlap with Troodos Group C 
(and CY-I basalts). It appears there is little correspondence 
between Troodos and typical MORB compositions. 

Surprisingly, although it has been stressed that Troodos 
basalts have a supra-subduction zone character, there is only 
limited overlap with a range of basalts from back-arc basins 
and island arcs, summarized in Figures 8 and 9 respectively. 
For clarity, separate points are plotted only where there is 
reasonably close overlap with Troodos; otherwise fields and 
trends are shown. Hardly any of the basalt samples from ac- 
tive or recently active back-arc basins overlap with Troodos. 
The closest correspondence is with the West Philippine Basin, 
but this basin has not strictly been formed by back-arc spread- 
ing. Amongst the arc samples it is only the most primitive 
intra-oceanic arcs (erupting island-arc tholeiites) that corre- 
spond with Troodos. These are tl~oleiites erupted during the 
very earliest stages (about 10 Ma) of arc evolution. Even 
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Figure 8: Y vs. Zr, as in Figure 7, comparison of Troo- 
dos with basalts from back-arc marginal basins from 
the Western Pacific and the Scotia Sea area. Individ- 
ual points are shown only wherc data overlap Troodos. 
Data for Deception, Bridgeman, and Penguin Islands 
from Weaver et al. (1979) and for West Pacific tran- 
sects from Marsh et al. (1980), Matley et at. (1980) 
and Wood et al. (1980a,b; 1982). 

the boninites from the W. Pacific arcs do not overlap with 
Troodos Upper Pillow Lavas on this diagram. 

Similar conclusions can be based on Ti02 vs. Zr, P205 
vs. Zr, and Nb vs. Zr distributions (Figures 10-13), using 
the same data set as for Y vs. Zr. Ti/Zr ratios in Troodos 
samples are consistent, with a typical 'spur' towards pla- 
giogranite (Figures 10 and 11). Compared with most MORB 
(Figure 10) there is very little Ti enrichment, and it is signif- 
icant that the only appreciable overlap is with the most de- 
pleted MORB samples from the Atlantic and Pacific. Many 
Troodos basalts have much lower Ti02 contents than average 
MORB. Compared with basalts from primitive island arcs and 
back-arc basins (Figure 11) there is again significant overlap 
with basalts from the West Philippine Basin and very prim- 
itive island-arc tholeiites, but not with most basins formed 
by back-arc spreading or more evolved island arcs. More- 
over few basalts from these environments contain such low 
Ti and Zr contents as the Troodos basalts. Similar conclu- 
sions can be drawn from the P2O5 VS. Zr plot (Figure 12); 
P/Zr ratios are comparable with many MORB and MBB, but 
the very low content of PzOs in many Troodos basalts is 
notable. The Nb vs. Zr plot (Figure 13) clearly sllows the di- 
vergence between Troodos samples and the vast majority of 
MORB. Instead there is close correspondence with marginal 
basin and arc basalt compositions, and with West Philippine 
Basin and primitive Mariana Arc basalts in particular. High 
Nb contents and Nb/Zr ratios typically indicate an enriched 
ocean island (OIB) source component in E-type and T-type 
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Troodos compared with lntraoceanic island arcs and 
back-arc basins 

Deception 

Troodos Groups A, B & C 
compared with lntraoceanic 
Island Arc basalts 1 
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Figure 9: Y vs. Zr, as in Figure 7, comparison of Troo- 
dos with primitive West Pacific island arc lavas. Main 
overlap is with primitive island-arc tholeiites (IAT) 
erupted at the earliest stages of arc development. Data 
sources: Marsh et al. (1980), Mattey et al. (1981), 
Wood et al. (1980a,b; 1982) and Hole et al. (1984). 

Figure 11: Ti02 vs. Zr, as in Figure 10, comparison 
with arc and back-arc basalts. Data sources as in Fig- 
ures 8 and 9. The rapid fall-off in Ti02 in Troodos 
occurs at much lower absolute levels o r  Iitanium than 
i n  other arc /basin basalts. 
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Figure 12: PzOs vs. Zr relatio~iships in oceanic, 
marginal basin and arc basalts. Data sources as in 
Figures 7-9. Figure 10: Ti02 vs. Zr relationships in Troodos basalts 

and in MORB. Data sources as in Figure 7. Although 
TitZr ratios are similar, absolute levels of Ti and Zr 
are much lower than in most MORB. represent high degrees of melting, allowing little possibility 

for appeal to residual minor mineral phases. 
The separation of three groupings, A, B and C, from 

the 'cloud' of CY-4 data for trace elements such as Zr-Y 
(Figure 6) also holds for major elements as well. In MgO 
vs. Zr for instance (Figure 14) each subgroup shows a pro- 
gressive increase in Zr abundance with decreasing MgO. A 
simple interpretation is that there are three separate magma 

MORB (Wood et al., 1979; Weaver et al., 1987), and clearly 
there can be little of this component in the Troodos basalt 
sources, or the melting conditions have not favoured entry of 
high field-strength elements like Nb into the melt. This latter 
solution is unlikely for high-Mg Troodos basalts, which must 
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Figure 13: Nb vs. Zr relationships in oceanic, marginal Figure 15: Ni vs. Zr for CY-4 and CY-I samples. 
basin and arc basalts. Data sources as in Figures 7-9. CY-I corresponds most closely with Group C. 
Troodos rocks have very low Nb contents and NbEr 
ratios typical of arc and some marginal basin samples. 
There is no overlap with MORB. 600 I I I I I I I I I 

Figure 14: MgO vs. Zr for CY-4 and CY-1 samples, 
showing how three broad groups can be distinguished 
(viz. Figure 6). Upper pillow basalts from CY-I cor- 
respond most closely with Group C. 

batches with different primary levels of Zr. The CY-1 upper 
pillow lava samples again show a close correspondence with 
Group C. All three groups appear to have fractionated over a 
similar range of MgO, though only Group B seems to more 
commonly fractionate toward low MgO contents (plagiogran- 
ites). The CY-1 Upper Pillow Lavas seem not to have under- 
gone much fractionation. Very similar relations are apparent 

Hole CY-1 

Figure 16: Cr vs. Zr for CY-4 and CY-I samples. Note 
the rapid fall in Cr abundance with increasing Zr. 

from a plot of Ni vs. Zr (Figure 15) but it is interesting that 
the curve for each group is not very steep, a feature expected 
if extensive olivine fractionation had taken place. In this 
plot CY-1 lavas have similar Ni contents to many CY-4 sam- 
ples. The picture for Cr-Zr (Figure 16) does show a different 
relationship in that, although the three groups can be distin- 
guished, there is a very rapid fall in Cr concentration within 
each group. This would be consistent with extensive early 
chromite fractionation. CY-1 samples also show this. The 
essential difference between CY-I and CY-4 samples can be 
emphasized by a plot of MgO vs. Cr (Figure 17). This shows 
that although there is some overlap between the two, and the 
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Figure 17: Comparison of CY-I and CY-4 samples. 
Dashed lines indicate broad average trends for each 
group. CY-I basalts have about 2% higher MgO con- 
tents at equivalent Cr concentrations. 

fractionation trends are broadly parallel, the CY-I samples 
have about 2% higher MgO at comparable Cr contents. The 
reason for this is not clear; it may be a result of CY-1 basalts 
being generated from a similar source, but at greater depth. 
The large range in Cr abundance is a notable feature of Troo- 
dos basalt petrogenesis; clearly chromite has separated from 
the magmas (giving local chromite ore concentrations), but 
chromite may have also been a residual mineral in the source 
regions of Troodos basalts. 

There may be not just three main magma types amongst 
CY-4 dykes, but a whole series of small magma batches, 
as envisaged by Allen (1975). Each may have followed a 
slightly different evolutionary path before being emplaced 
into its present position. Unfortunately dyke swarms by their 
very nature do not allow links to be made on field criteria. 
However elements such as Mg, Ni, and Cr are very sensitive 
to olivine, chromite, and pyroxene fractionation in magma 
chambers, and the dykes allow monitoring of the progress of 
each stage of evolution. For instance, plotting Group B sam- 
ples from CY-4 on a MgO vs. Ni diagram (Figure 18) shows 
that it is possible to interpret this group as five sub-groups, 
each with a more coherent behaviour, and each of which be- 
gan its evolutionary path with a slightly different MgINi ratio. 
Figure 19 shows the same plot for Group A and C samples, 
and again several different magma batches can be identified. 

Because- Cr and Ni abundances are particularly sensitive 
to chromite and olivine fractionation, a plot of these two el- 
ements can act as a sensitive discriminator between magma 
batches. Figure 20 shows how two separate groups can be 
distinguished amongst Group B samples in the upper part 

Figure 18: Possible interpretation of MgO-Ni varia- 
tions in CY-4 Group B samples. The relationships 
show that Group B could consist of five sub-units. 

Figure 19: MgO vs. Ni, as in Figure 18, but for CY-4 
Groups A and C. 

of Hole CY-4. Figure 21 indicates how (with faith!) other 
samples in Groups A and C and in CY-1 could potentially 
be linked. This provides a more coherent interpretation of 
the wide range in Ni and Cr abundances and Ni/Cr ratios in 
Troodos basalt samples. Otherwise appeal must be made to 
alteration. 

The major implication from accepting such an interpreta- 
tion is that the classic picture of Troodos (Moores and Vine, 
1971; Moores and Jackson, 1974; Gass, 1980) as a continu- 
ous fractionating magma chamber at a mid-ocean ridge must 
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Figure 20: Ni vs. Cr for CY-4 Group B samples. Vari- 
ations are dominated by chromite fractionation, but at 
least two distinct trends with different Ni contents can 
be recognized. 
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Figure 21: Ni vs. Cr, as in Figure 20, but suggest- 
ing that several different small magma batches with 
va~ying primary Cr/Ni ratios may account for the dis- 
persion in these two elcments. 

be wrong. Even in the small section drilled there must be sev- 
eral of discrete magma batches that have not had their com- 
positions smoothed by passing through a large axial magma 
chamber. There is insufficient volume of olivine and chromite 
cu~nulates exposed on Cyprus to account for the variations in 
Cr, Ni, and MgO. Either the different magma batches repre- 
sent distinct melts from a mantle source that was heteroge- 
neous with respect to the proportions of olivine and chromite, 
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Figure 22: Total iron (as Fe203) vs. Zr for CY-4 and 
CY- I samples. 
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and /or  considerable fractionation involving these two miner- 
als must have taken place within the uprising mantle diapir, 
before being emplaced at the spreading centre. There are 
of course discrete bodies of chromitite and dunire within the 
tectonized harzburgite on Cyprus (and in other ophiolite com- 
plexes) that could represent the products of such fractionation 
(see Figure 3.3 in Lippard et al., 1986). It is notable that Cr/Ni 
ratios are high in most of the more primitive Troodos basalts, 
but the rapid fall-off in Cr relative to Ni on Figures 20 and 21 
implies that chromite fractionation was more important than 
olivine fractionation in the early stages of magma evolution. 
There is some indication from Figure 21 that olivine fraction- 
ation is more important in Group C magmas than in Group A 
ones. It could be that Group A magmas have been derived 
from a more refractory harzburgitic source, which was also 
lower in incompatible trace elements. Further detailed exam- 
ination of CY-4 and CY-1 basalts using high-precision ana- 
lytical data is necessary before these provisional conclusions 
could be substantiated. 
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Plagiogranites (Coleman and Peterman, 1975) are a common, 
though little understood feature of many ophiolite complexes. 
There were significant numbers of high-silica dykes drilled 
in the upper part of CY-4 that may provide information on 
their petrogenesis. The simplest way to encourage a magma to 
fractionate toward silica-rich compositions is the early precip- 
itation of magnetite or titanomagnetite (Saunders et al., 1979). 

Figure 22 shows a plot of total iron (as Fez03) against 
zirconium, which discriminates broadly between Groups A, 
B, and C, and emphasizes the close correspondence between 
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plagiogranites 

Figure 23: Ti02 variation in CY-4 Group B samples, 
showing fall in titanium towards plagiogranites as ti- 
tanomagnetite is removed. Heavy crosses are linked 
samples (Figure 20). 

CY-I and Group C basalts. In general Group C samples are 
more iron-rich than those in Group A, which agrees with the 
suggestion made above that Group C basalts have been de- 
rived from a more fertile source. It might have been expected 
that these Fe-rich basalts were more prone to evolve into pla- 
giogranite because it was easier to achieve titanomagnetite 
saturation. However, it appears that most plagiogranites (or 
transitional plagiogranites) can be linked with Group B, and 
thersfore factors other than the initial Fe concentration may 
have been important. 

Figure 23 shows a plot of Ti02 vs. Zr for Group B sam- 
ples. The samples with crosses are those that appear to share 
the.same lineage from Figure 20. There is a positive corre- 
lation of Ti and Zr, but this rapidly switches to a negative 
correlation with the development of the plagiogranite trend, 
indicating that titanomagnetite has been fractionating. Simul- 
taneously (Figure 24) there is an increase in silica. In fact, 
vanadium (Figure 25) is a much more sensitive indicator of 
titanomagnetite fractionation than titanium, so there is a very 
rapid fall in vanadium concentration in the sample group once 
the trend toward plagiogranite is established. As this does 
not seem directly correlated with absolute concentration of 
Fe, Ti, or V (indeed Figures 10 and 11 show that Troodos 
basalts are distinctly low-Ti02), the most acceptable expla- 
nation is that titanomagnetite precipitation is encouraged by 
locally increased oxygen fugacity in the magma. This would 
occur if blocks of hydrothemally-altered basalt fell into the 
magma chambers (Pederson and Malpas, 1984), or  seawater 
locally gained access. The irregular occurrence of plagiogran- 
ite is consistent with Troodos developing as a series of small 

Figure 24: Si02 variation in CY-4 Group B sam- 
ples showing increase in silica as titanomagnetite is 
removed. Crosses are linked samples (Figure 20). 
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Figure 25: Vanadium variation in CY-4 Group B sam- 
ples showing rapid depletion in  V as titanomagnetite 
crystallizes. Compare with Ti in Figure 23. Crosses 
are linked samples (Figure 20). 

independent magma chambers, rather than as one large semi- 
continuous magma chamber. 

DISCUSSION 

The rather wide dispersion in the compositions of Troodos 
basalts revealed by drilling in Holes CY-1 and CY-4 would 
appear to represent the composite evolution of up to a dozen 
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small batches of magma, rather than the product of differ- 
entiation of one single continuous magma chamber. This 
strongly supports the contention of Allen (1975), based on 
petrographic evidence. It is consistent with the relatively 
small volume of undisputed cumulate in Troodos in com- 
parison with the large volume of 'liquid' dykes and lavas. 
Indeed many Troodos gabbro samples analyzed by Adamides 
(1984) have liquid rather than cumulate characteristics. A 
consequence is that the mineral phases responsible for the ob- 
served chemical fractionations must be resident in, and have 
been active in, the upper mantle, and that considerable frac- 
tionation must have taken place within the uprising mantle 
diapir at oceanic spreading centres. Interestingly, it is only 
through analysis of large numbers of samples, such as has 
been provided by the Cyprus drilling, that it is possible to be- 
gin to elucidate these relationships. It could well be that the 
popular model of a large semi-continous axial magma cham- 
ber at oceanic spreading centres needs to be replaced by one 
of small discrete and discontinuous magma chambers. For 
instance, although seismic profiling along the fast-spreading 
East Pacific Rise has identified reflections that can be inter- 
preted as the top of an axial magma chamber extending for 
tens of kilometers (Detrick et al., 1987), the evidence is less 
clear for medium- to slow-spreading ridges. Recently, Smith 
and Cann (1990) have identified hundreds of seamounts form- 
ing the axial zone of a small sector of the slow-spreading 
North Atlantic, which can be extrapolated to literally tens of 
millions in the North Atlantic as a whole. They interpret 
these as representing erupted pulses of magma fed by their 
individual plumbing systems and not buffered by a large ax- 
ial magma chamber. Studies of drilled basalts in the North 
Atlantic have also suggested that their compositions are not 
buffered by large magma chambers (Tarney et al., 1979a, b, 
1980; Wood et al., 1979). 

The range of basalt compositions exhibited in CY-4 and 
CY-I is too large to be accomplished simply by fractiona- 
tion in uprising diapirs arid in high-level magma chambers. 
For instance it is notable that Group C magmas not only ap- 
pear to have higher incompatible trace element abundances 
than Group A, but are also more iron-rich. This suggests that 
the mantle source may have been more fertile in terms of 
major elements as well as trace elements, Group A magmas 
are unusually low in terms of elements such as Ti, Zr and 
P, which could indicate they derived from a source that had 
suffered extraction of basalt at some earlier period. A pos- 
sible scenario is that the mantle source feeding the Troodos 
lavas was a mixture of relatively fertile asthenosphere (repre- 
sented by Group C basalts) with more refractory oceanic litho- 
sphere (represented by Group A basalts). The later Upper Pil- 
low Lavas, sampled in Hole CY-l, have close affinities with 
Group C, but are on the whole rather more Mg- and Cr-rich. 
They may represent deeper-seated melts of the same astheno- 
sphere material. As the amount of petrological and geochem- 
ical data available for Troodos basalts has increased, various 
workers have begun to distinguish two, three, or even four 

distinct magma types (Robinson et al., 1983; McCulloch and 
Cameron, 1983; Cameron, 1985; Flower and Levine, 1987; 
Taylor and Nesbitt, 1988; Ohenstetter et al., 1990), some of 
which have the geochemical characteristics of the four main 
groups described here. In fact in a model where a MORB 
asthenosphere is mixing and interacting with a variably more 
depleted and refractory ocean lithosphere, there could well be 
a spectrum of 'primary' magma compositions in the Troodos 
Complex as a whole. The cloud of points seen in the Zr vs. Y 
diagram (Figure 5).  which is real and does not reflect analyti- 
cal uncertainty, would be consistent with this model. Implicit 
in this interpretation is that magma compositions have not 
been buffered by long-lived axial magma chambers. 

Troodos magma compositions undoubtedly have a supra- 
subduction zone signature (Saunders et al., 1980a, b; Pearce 
et al., 1984), marked particularly by very low contents of 
high field strength elements, LIL-element values higher than 
MORB, isotopic evidence of sediment contamination, and 
generally more siliceous compositions than normal MORB. 
However, in detail the only close geocliemical comparisons 
that can be made so far are with basalts from the West Philip- 
pine Basin and with primitive tholeiites erupted at the very 
early stages of intra-oceanic arc development. In effect the 
chemistry indicates that the source is very depleted, but has 
been contaminated by fluids and by minor subducted com- 
ponents (e.g. sediment), though not necessarily at the time 
of generation of the Troodos basalts (it could have been 
during an immediately preceeding subduction phase). The 
West Philippine Basin analogy is interesting in that although 
spreading occurred close to a primitive arc (now Kyushu- 
Palau remnant arc; mainly IAT) it was not strictly linked in 
terms of back-arc spreading: the spreading centre is oblique 
to the arc. On the other hand this may be a tectonic situation 
that (given the high water contents in the back-arc environ- 
ment: cf. Muenow et al., 1990) would permit mobilization of 
contaminated refractory ocean lithosphere as well as astheno- 
sphere. The siliceous compositions of many Troodos basalts 
would be more compatible with the melting, particularly hy- 
drous melting, of harzburgitic lithosphere. The existence of 
an active arc is not a pre-requisite for 'back-arc' spreading; 
an arc may develop some time after 'back~arc' spreading has 
started, and need not develop at all if back-arc spreading is 
aborted. The Upper Pillow Lavas may then have been erupted 
after spreading and extension-had ceased. Troodos does not 
conform to a typical oceanic Spreading centre. 

Finally, plagiogranite development, so common in many 
ophiolites, appears to reflect local ently of water into the sys- 
tem at a later stage. It does not seem to be connected with 
primary volatile contents of the magma, or with the Fe content 
of the melt. Vanadium (more than titanium) is a very sensi- 
tive indicator of this process because it is rapidly sequestered 
by magnetite or titanomagnetite and removed from the melt. 
Water may have gained access to the magmas through fault 
activity connected with episodic extension, or through blocks 
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of hydrothermally altered basalt falling into newly extend- 
inglenlarging magma chambers. 
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J .  Tarxey and N.G. Marsh 

Pellet L2457 L2458 L2459 L2460 L2461 
CoreISec 32.6 41.7 42.4 43.2 45.1 
Depth (m) 165.10 214.40 218.00 223.10 233.90 

Si02 
TiOz 
A1203 
Fez03 
MnO 
MgO 
CaO 
Na20 
K2 0 
p205 
LO1 
Total 1 

Trace elements in parts per million 

C.I.P.W. norms (calculated using FeO : Fe203 = 0.85 : 0.15) 

Table 2: (part 1 of 7) Hole CY-1 basalt samples: Chemical Analyses. 



Major and Trace Element Geochemistry of Holes CY-I and CY-4: Implications for Pet~.ogerzetic Models 

Pellet L2467 L2468 L2469 L2470 L2471 L2472 
CoreISec 50.5 50.7 51.6 52.2 53.1 54.3 
Depth(m) 259.20 261.20 266.30 268.80 273.40 279.70 

Si02 
Ti02 
A1203 
Fez03 
MnO 
MgO 
CaO 
Na20 
K20 
P205 
LO1 
Total 

Trace elements in para per million 

C.I.P.W. norms (calculated using FeO : Fe203 = 0.85 : 0.15) 

Table 2 (part 2 of 7) 



J .  Tur./zey and N.G. Mar.sh 

Pellet L2477 L2478 L2479 L2480 L2481 
CoreISec 56.6 57.6 58.3 58.5 59.3 
Deptll(~n) 292.80 297.70 301.50 304.50 309.05 

Si02 
Ti02 
A1203 
Fez03 
MnO 
MgO 
CaO 
Na?O 
K2O 
p20.5 
LO1 
Total 

Trace elemenfs i t 1  parts per lllilliotl 

C.I.P.W. tlonns (calculated using FeO : Fez03 = 0.85 : 0.15) 

Table 2 (part 3 of 7) 



Major and Trace Element Geochemistry of Holes CY-1 and CY-4: Implicatiorzs for Petrogerzetic Models 

Pellet L2487 L2488 L2489 L2490 L2491 L2492 L2493 
CoreISec 65.2 65.3 66.2 67.07 67.03 68.7 70.8 
Depth(m) 337.90 336.90 342.40 348.40 347.10 354.20 361.20 

Si02 
Ti02 
A1203 
Fez03 
MnO 
MgO 
CaO 
Na20 
K20 
p205 
LO1 
Total 

Trace elements in parts per million 

C.I.P.W. nonns (calculated using FeO : Fe2O3 = 0.85 : 0.15) 

8.89 3.35 - 
0.81 - - 
5.27 0.68 1.74 

22.39 20.32 24.62 
19.43 32.10 29.61 
- 13.28 4.40 

33.12 24.17 27.64 
- - 3.88 
1.95 1.44 1.73 
1.12 1.18 1.27 
0.05 0.14 0.16 

Table 2 (part 4 of 7) 



J .  Tarney and N.G. Mars11 

Pellet L2497 L2498 L2499 L2500 L2501 
CoreISec 73.2 73.2 73.2 75.4 76.3 
Depth(m) 377.50 381.30 386.60 390.70 397.50 

A1203 
Fez03 
MnO 
MgO 
CaO 
N q O  
K20 
p205 
LO1 
Total 

Trace elements in parts per lnillion 

C.I.P.W. norms (calculated using FeO : Fe203 = 0.85 : 0.15) 

Table 2 (part 5 of 7) 
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Pellet L2507 L2508 L2509 L2510 L2511 L2512 L2513 L2514 L2515 L2516 
Core/Sec 82.1 83.2 84.5 85.10 87.03 88.01 88.07 89.01 2.4 8.2 
Depth (m) 429.45 434.60 440.00 445.90 455.90 459.60 465.65 468.42 19.70 44.50 

Si02 49.7 49.9 50.2 49.8 50.0 50.8 51.2 51.5 48.4 46.0 
Ti02 0.68 0.68 0.57 0.63 0.62 0.63 0.69 0.73 0.52 0.78 
AI203 16. 1 16.0 14.8 15.0 14.8 16.6 16.0 16.3 16.6 16.8 
Fe203 8.6 7.4 10.0 8.9 8.9 9.0 10.0 8.5 9.0 9.2 
M nO 0.10 0. 13 0.12 0. 11 0.11 0. 11 0.12 0.10 0.09 0.11 
M gO 9.0 7.5 8.3 10.6 10.9 9.1 7.2 9.0 4.6 6.9 
CaO 9.3 11.5 9.9 8.4 8.3 8.0 8.5 7.9 7.1 6.2 
NazO 2.6 2.6 2.5 2.6 2.4 2.8 2.9 2.7 1.4 1.2 
K20 0.16 0.12 0.90 0.21 0.20 0.26 0.53 0.32 4.80 4.62 
P205 0.07 0.07 0.06 0.08 0.08 0.06 0.06 0.05 0.05 0.11 
LOI 1.99 3.25 2.34 2.40 2.35 2.47 1.94 2.32 6. 18 7.59 
Total 98.22 99.00 99.69 98.80 98.84 99.82 98.98 99.36 98.66 99.59 

Trace elements in pans per million 

Cr 141 201 283 229 295 127 106 162 394 174 
V 278 285 215 239 248 265 222 238 273 249 
Ni 45 55 60 55 61 41 30 36 87 72 
Zn 84 76 71 82 82 81 83 83 92 99 
Rb 2.7 1.1 20.7 2.2 2.7 2.0 9.7 1.6 47.3 43.6 
Sr 86.4 91.7 80.9 73.6 73.8 100.3 88.1 94.9 119.8 124.4 
y 21.2 20.4 16.5 22.6 24.5 17.7 19.1 18.4 14.8 24.8 
Zr 36.5 39.5 30.5 31.8 31.8 36.2 37.7 38.5 26.2 49.5 
Nb 1.1 0.9 0.7 0.5 1.2 0.6 0.7 0.3 0.9 1.2 
Ga 16 16 16 15 14 15 15 15 14 14 
Ba 5.3 19.0 17.5 8.5 8.2 7.0 18.4 8.1 93.0 55.3 
La 3.3 3.3 3.6 2.2 2.2 2.8 1.6 1.9 0.8 1.3 
Ce 4.3 3.1 3.1 3.6 2.6 3.8 2.9 5.5 n.d. 7.9 
Nd 5.8 4.8 4.6 5.6 4.9 4.5 5.4 5.0 3.1 7.7 
Pb 2 4 5 4 5 3 6 3 5 3 
Th n.d. I n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
u n.d. 2 n.d. n.d. n.d. 2 n.d. I 2 I 

C.I.P.W. norms (calculated using FeO: Fe20; = 0.85: 0.15) 

Qz - 0.07 - - - - 0.65 1.2 1 - -
Or 0.97 0.73 5.34 1.26 1.17 1.52 3.12 1.90 28.37 27.32 
Ab 21.65 21.86 21.40 22.38 20.58 23.69 24.40 22.90 11.83 10.32 
An 32.06 31.58 26.38 28.44 29.01 31.92 29.15 31.32 24.92 26.80 
Di 10.88 20.31 18.07 10.3 1 9.40 5.85 10.25 5.97 8.08 2.76 
Hy 25.07 17.86 15.73 23.94 29.16 29.16 25.44 30.02 7.30 2.66 
01 1.94 - 6.60 6.38 3.47 1.52 - - 8.54 18.03 
Mt 1.48 1.27 1.73 1.53 1.54 1.56 1.72 1.47 1.55 1.59 
11 1.28 1.29 1.08 1.20 1.19 1.20 1.30 1.39 0.98 1.47 
Ap 0.16 0.16 0.13 0.18 0.19 0.14 0.14 0.13 0.11 0.26 

Table 2 (part 6 of 7) 



J .  Tarney and N.G. Marsh 

Pellet L2517 L2518 L2519 L2520 L2521 L2522 L2523 L2524 
CoreISec 8.5 9.5 11.4 20.2 25.1 1 29.7 30.9 39.9 
Depth (m) 47.30 51.70 57.00 96.90 126.20 148.20 152.20 203.50 

Si02 26.5 31.2 49.7 41.4 46.1 47.7 47.4 49.0 
Ti02 0.24 0.32 0.59 0.48 0.64 0.52 0.49 0.60 
A1203 8.1 10.0 15.3 13.9 16.5 16.5 15.4 16.4 
Fezo3 7.6 7.3 9.1 7.7 8.7 8.9 8.7 8.0 
MnO 0.13 0.1 1 0.10 0.09 0.16 0.10 0.12 0.09 
MgO 4.3 5.6 7.8 5.6 8.0 8.1 9.3 9.6 
CaO 27.4 22.3 4.2 14.0 8.2 6.9 8.8 8.5 
Na20 0.7 0.9 0.9 1.3 1.7 1.6 I .5 2.1 
K2O 2.23 2.48 6.23 3.67 3.05 4.32 2.06 1.57 
p205 0.14 0.07 0.03 0.08 0.07 0.09 0.02 0.07 
LO1 21.95 18.59 5.83 10.80 7.24 5.34 5.85 4.12 
Total 99.17 98.85 99.92 98.95 100.29 100.20 99.51 100.18 

Trace elements in parts per million 

Cr 1076 692 343 112 133 316 27 1 168 
V 206 194 234 240 207 262 236 265 
Ni 205 199 74 61 55 64 77 49 
Zn 73 63 90 64 75 70 77 74 
Rb 24.9 28.0 53.2 31.3 28.6 34.0 20.6 9.0 
Sr 112.8 118.9 99.5 93.5 107.8 64.0 74.9 106.3 
Y 16.4 12.6 9.3 20.7 17.4 17.8 12.4 16.8 
Zr 20.8 24.3 31.1 29.1 34.8 25.4 24.1 34.0 
Nb 0.8 0.8 1.2 0.7 0.8 0.7 1.7 1.1 
Ga 7 9 13 12 15 13 13 14 
Ba 37.0 43.5 55.3 42.4 47.1 46.9 36.8 28.1 
La 1 .O 1.9 0.8 1.8 2.2 2.5 1.3 1.4 
Ce 0.7 I .O 1.6 3.4 2.7 n.d. 2.6 4.6 
Nd 1.1 4.9 2.9 5.8 4.5 2.9 1.6 4.7 
Pb 3 6 4 4 3 2 3 4 
Th n.d. n.d. 1 2 n.d. n.d. n.d. n.d. 
U 2 2 2 2 2 1 n.d. 2 

C.I.P.W. norms (calculated using FeO : Fe203 = 0.85 : 0.15) 

Qz - - - - - - - - 
Or - - 36.84 - 18.00 25.53 12.20 9.30 
Ab - - 7.89 - 14.21 12.64 12.43 18.17 
An - 16.12 19.27 21.31 28.43 25.22 29.24 30.41 
LU - 11.51 - 17.03 - - - - 
Ne - 3.96 - 5.89 - 0.49 - - 
Di - -29.74 0.97 33.49 9.58 6.87 11.52 9.09 
CS - 41.29 - 2.13 - - - - 
WO - 14.70 - - - - - - 

HY - - 11.94 - 0.25 - 15.30 15.27 
01 - 38.09 13.62 5.27 18.94 20.61 9.73 10.42 
Mt - 1.27 1.58 1.32 1.50 1.54 1.50 1.39 
I1 - 0.60 1.13 0.91 1.22 0.99 0.93 1.15 
A P - 0.15 0.07 0.18 0.16 0.21 0.05 0.16 

Table 2 (part 7 of 7) 



Major and Trace Eleriierit Geochemistry of' Holes CY-I aricl CY-4: Iii~/~Iications for Petro~enetic Models 

Pellet L2525 L2526 L2527 L2528 
CoreISec 2.01 2.0 1 2.01 4.02 
Deprh (m) 8.80 12.20 15.00 17.20 

Si02 
Ti02 
AI2o3 
Fe203 
MnO 
MgO 
CaO 
Na20 
K2O 
P205 
LO1 
Total 

Trace ele~nents in parts per rnillio~l 

C.I.P.W. norms (calculared using FeO : Fe203 = 0.85 

Table 3: (part I of 18) Hole CY-4 bnsalt samples: Chemical Analyses. 



J .  Tarney atld N.G. Marsh 

Pellet L2535 L2536 L2537 L2538 L2539 L2540 
CoreISec 11.04 13.01 13.01 15.03 15.03 16.01 
Deplh(m) 43.55 47.20 49.05 53.65 55.40 55.90 

Si02 
Ti02 
A1203 
Fez03 
MnO 
MgO 
CaO 
NazO 
K2O 
PZOS 
LO1 
Total 

Trace elements in parts per million 

C.I.P.W. norms (calculated using FeO: Fe203 = 0.85 : 0.15) 

Table 3 (part 2 of 18) 



Major and Trace Eler~~crlt Geoclrenlist~y c$ Holes CY-I ulzd CY-4: Implicatioils for Petlnge~letic Models 

Pellet L2545 L2546 L2547 L2548 L2549 L2550 
CoreISec 20.03 21.05 22.02 28.02 29.05 30.03 
Depth On) 72.00 77.35 78.80 102.30 104.55 107.90 

1 S ~ O *  
Ti02 
A1203 
Fez03 
M n o  
MgO 
CaO 
Na20 
K20 
h 0 s  
LO1 
Total 

Trace ele~nen~s in parts per ~nillio~i 

C.I.P.W. nonns (calculated using FeO: Fe203 = 0.85 : 0.15) 

25.35 2.92 6.19 
1.04 0.52 0.62 

48.65 24.41 29.40 
10.58 29.10 27.51 
0.60 12.95 7.93 

10.98 24.30 23.08 
- - 
1.25 2.04 2.10 
1.09 2.12 1.99 
0.30 0.20 0.18 

Table 3 (pan 3 of 18) 



J .  Ta/.ney and N.G. Marsh 

Pellet L2555 L2556 L2557 L2558 L2559 
CoreISec 36.01 37.01 37.05 37.05 38.02 
Depth (m) 130.30 133.05 136.60 138.80 141.70 

Si02 
Ti02 
A1203 
Fe203 
MnO 
MgO 
CaO 
NazO 
K20 
p205 
LO1 
Total 

Trace elements in parts per million 

C.I.P.W. norms (calculated using Fe0  : Fe2O3 = 0.85 : 0.15) 

Table 3 (parl 4 of 18) 



Major atzd Trace Elenzerit Geockeniistiy of Holes CY-I and CY-4: In~plications for Petrogetietic Models 

Pellet 
CoreJSec 
Depth (m) 

Si02 
TiOz 
A1203 
Fez03 
MnO 
MgO 
CaO 
Na20  
K20  
p2 0 5  
LO1 
Total 

Trace elements in parts per million 

C.I.P.W. norms (calculated using FeO : Fez03 = 0.85 : 0.15) 

Table 3 (pan 5 of 18) 



J .  Tarrzey and N.G. Marsh 

Pellet L2575 L2576 L2577 L2578 L2579 
CoreISec 53.03 57.02 58.02 58.04 58.04 
Depth(m) 204.55 210.35 213.90 214.95 217.85 

Si02 
Ti02 
A1203 

Fez03 
MnO 
MgO 
CaO 
NazO 
Kz 0 
p205 
LO1 
Total 

Trace elements in parts per million 

C.I.P.W. norms (calculated using FeO : Fez03 = 0.85 : 0.15) 

Table 3 (part 6 of 18) 



Major and Trace Element Geochemistry of Holes CY-1 and CY-4: Implications for- Petrogenetic Models 

Pellet L5387 L5388 L5389 L5390 L5391 L5392 L5393 L5394 L5395 L5396 
Core/Sec 234.50 236.82 241.26 245.50 249.73 253.66 262.42 266.61 270.63 273.44 
Depth (m) 63.01 63.01 65.01 65.01 67.04 67.04 70.06 70.08 70.08 73.01 

Si02 51.9 51.2 54.0 61.3 61.2 54.3 52.4 53.7 54.5 55.2 
Ti02 1.27 1.23 1.24 0.76 1.02 1.07 0.45 1.32 1.33 0.65 
A1203 15.3 15.0 15.3 13.9 13.2 14.3 16.4 15.1 15.2 15.3 
Fez03 12.4 12.0 12.1 9.7 11.7 11.9 9.6 11.9 12.4 9.9 
MnO 0.13 0.15 0.19 0.06 0.07 0.12 0.18 0.13 0.14 0.14 
MI30 5.8 5.3 5.2 2.4 2.0 3.8 7.5 4.7 4.7 5.4 
CaO 8.2 9.1 9.1 5.6 6.5 8.6 10.0 9.0 8.7 10.0 
NazO 3.1 2.8 2.8 3.9 2.7 2.4 2.7 2.8 3.0 2.0 
K20 0.15 0.14 0.06 0.10 0.16 0.09 0.06 0.07 0.08 . 0.09 
p205 0.16 0.17 0.17 0.16 0.26 0.16 0.11 0.17 0.18 0.13 
LO1 1.87 1.01 0.62 0.71 0.43 0.60 1.35 0.62 0.69 0.67 
Total 100.21 98.09 100.76 98.65 99.22 97.34 100.77 99.32 100.95 99.52 

Trace elements in parts per million 

Nb 1.6 0.9 I .O 1.9 1.6 1.6 1.2 0.7 2.0 1.5 
Zr 58.8 62.6 61.8 46.3 55.1 42.8 14.6 63.6 65.2 28.3 
Y 28.0 29.9 30.0 30.0 27.6 25.1 14.0 31.1 30.9 18.4 
Sr 177.3 123.7 104.3 112.7 121.0 103.0 75.7 123.0 120.8 81.1 
Rb 1.4 1.4 1.6 2.3 0.3 1.2 1.9 0.6 1.5 1 .O 
Th 2.2 2.6 4.6 3.5 1.3 3.8 2.5 3.4 1.8 0.8 
Ga 17 18 19 15 16 16 15 18 17 14 
Zn 3 1 34 49 9 19 20 54 29 32 33 
Ni 23 20 20 8 8 13 53 I8 17 32 
Cr 4 1 17 19 9 7 8 97 13 14 38 
Va 377 387 377 120 67 389 294 414 424 326 
Ba 10.6 10.1 6.9 17.2 9.1 7.2 11.6 4.9 4.0 9.4 
la 2.8 4.2 5.0 2.5 2.2 3.2 2.3 2.0 5.3 1.5 
Ce 10.8 7.7 6.5 9.5 5.4 6.4 3.4 7.9 7.8 6. I 
Nd 6.8 6.2 7.9 6.7 5.6 3.2 1.2 8.3 6.6 3.1 
C.I.P.W. norms (calculated using FeO: Fe203 = 0.85 : 0.15) 
Qz 3.49 4.30 7.15 18.92 23.90 12.44 1.77 8.48 7.73 11.82 
Or 0.88 0.81 0.33 0.59 0.94 0.53 0.36 0.39 0.46 0.55 
Ab 25.91 23.71 23.80 33.10 22.58 20.61 23.21 23.29 25.55 16.89 
An 27.62 28.09 29.01 20.06 23.59 27.70 32.39 28.59 27.74 32.54 
Di 9.86 13.25 12.39 5.84 5.76 11.85 13.29 12.26 12.03 13.51 
HY 24.58 21.1 1 21.58 15.09 16.45 18.09 24.80 19.70 20.58 19.44 
01 - - - - - - - - - - 
Mt 2.14 2.07 2.09 1.68 2.02 2.06 1.66 2.05 2.05 1.71 
I1 2.40 2.33 2.36 1.45 1.93 2.04 0.86 2.51 2.51 1.23 
AP 0.37 0.39 0.39 0.36 0.60 0.37 0.26 0.39 0.39 0.31 

Table 3 (part 7 of 18) 



J.  Tarney and N.G. Marsh 

Pellet 
CoreISec 
Depth (m) 
Si02 
Ti02 
A1203 

0 3  
MnO 
MgO 
CaO 
NazO 
K20 
p205 
LO1 
Total 

Trace elements in parts per million 

C.I.P.W. norms (calculated using FeO : Fe203 = 0.85 : 0.15) 

Table 3 (part 8 of 18) 



Major and Trace Element Geoclzemistry of Holes CY-I and CY-4: Implicatiorrs for Petvogenetic Motlels 

Pellet L5406 L5407 L5408 L5409 L5410 L5411 L5412 L5413 L5414 L5415 
Core/Sec 317.52 321.66 331.02 331.86 336.25 338.10 341.81 346.42 353.95 358.64 
Depth(m) 86.02 88.06 90.06 90.07 91.02 92.02 93.01 93.01 94.02 97.03 

SiOz 53.7 51.5 63.2 56.4 60.5 57.1 56.0 53.2 53.1 52.5 
TiOz 0.60 1.05 0.92 1.04 1.08 1.09 0.96 1.03 1.01 1.13 
A1203 14.6 15.3 14.1 15.1 14.6 15.4 15.4 15.5 15.3 15.0 
Fez03 10.0 10.9 9.7 11.5 10.3 10.7 11.1 10.7 10.3 11.4 
MnO 0.16 0.16 0.10 0.12 0.13 0.12 0.10 0.17 0.15 0.19 
MgO 6.5 6.0 2.3 3.9 2.7 3.3 4.2 5.8 5.5 6.0 
CaO 10.0 9.6 6.1 8.0 7.0 8.3 9.2 9.9 9.5 10.4 
NazO 2.0 2.6 3.5 3.1 3.3 2.9 3.0 2.6 2.7 2.2 
K2O 0.07 0.07 0.15 0.08 0.12 0.17 0.06 0.06 0.06 0.03 
pzo5 0.20 0.14 0.19 0.16 0.16 0.25 0.16 0.17 0.18 0.25 
LO1 0.71 0.80 0.40 0.25 0.42 0.37 0.29 0.67 0.68 0.33 
Total 98.55 98.05 100.52 99.70 100.33 99.68 100.44 99.83 98.59 99.41 

Trace elements in  parts per million 

N b I .3 0.3 2.2 1.8 1.8 1.7 1.3 I .O 1.5 I .O 
Zr 18.6 53.8 68.1 46.2 57.5 51.3 43.7 56.2 60.3 53.5 
Y 16.5 26.9 35.7 27.8 29.7 26.9 25.7 28.3 28.8 27.3 
Sr 77.2 87.1 113.6 105.3 103.9 113.5 108.3 95.9 93.4 95.6 
Rb 2.3 2.4 2.6 2.6 2.7 2.9 1.4 2.2 1.7 1.6 
Th 2.7 3.0 3.1 4.5 3.0 3.8 2.2 1.9 3.2 4.7 
Ga 14 17 16 16 16 17 18 16 16 17 
Zn 42 52 21 21 22 24 29 56 57 78 
Ni 54 36 6 22 7 15 26 34 32 32 
Cr 138 54 8 21 6 10 27 55 61 46 
Va 337 357 102 354 240 362 412 332 328 358 
Ba 14.0 7.9 15.2 13.9 15.7 13.4 18.3 9.1 8.3 6.9 
la 1.3 3.2 3.4 1.9 3.1 3.4 3.7 3.2 2.8 3.4 
Ce 1 .O 7.8 9.3 3.1 8.5 6.8 9.6 10.5 8.3 9.1 
Nd 1.6 5.4 7.3 4.1 5.8 6.0 5.0 6.3 6.5 6.7 

C.I.P.W. norms (calculated using FeO : Fe203 = 0.85 : 0.15) 

Qz 9.10 4.64 22.64 11.51 18.70 14.27 10.28 6.15 6.65 6.91 
Or 0.42 0.41 0.89 0.45 0.69 0.98 0.33 0.36 0.38 0.15 
Ab 16.97 21.83 29.33 26.50 27.55 24.28 24.98 22.1 1 23.20 18.47 
An 30.73 29.86 22.41 26.91 24.99 28.64 28.74 30.36 29.27 31.17 
Di 14.62 13.96 5.58 9.94 7.16 9.05 13.12 14.72 13.80 15.67 
HY 21.81 21.41 14.58 18.79 15.71 16.68 17.63 20.32 19.59 21.05 
01 - - - - - - - - - - 
Mt 1.73 1.88 1.67 1.99 1.78 1.84 1.91 1.85 1.78 1.96 
I I  1.13 2.00 1.74 1.97 2.04 2.06 1.82 1.96 1.92 2.14 
AP 0.45 0.34 0.44 0.38 0.38 0.59 0.37 0.40 0.41 0.57 

Table 3 (part 9 of 18) 



J .  Tarney and N.G. Marsh 

Pellet L5416 W417 L5418 L5419 L5420 L5421 L5422 L5423 L5424 L5425 
CoreiSec 365.44 368.50 372.62 373.30 377.36 381.50 383.65 390.10 392.60 396.00 
Depth(m) 98.02 99.01 99.01 101.01 101.03 103.01 104.01 104.02 106.01 106.01 

Si02 51.8 56.6 52.2 52.6 54.9 56.4 53.6 52.0 54.3 54.9 
Ti02 1.16 0.85 1.01 1.03 1.34 1.12 1.02 1.07 1.39 1.37 
A1203 15.3 14.8 15.4 15.5 15.2 14.7 16.3 15.2 14.7 14.5 
Fez03 11.5 10.9 11.0 11.0 12.7 10.8 9.6 11.1 12.6 12.6 
MnO 0.18 0.13 0.18 0.18 0.17 0.06 0.10 0.17 0.18 0.19 
MgO 5.9 3.5 6. I 6.3 3.6 2.7 4.9 5.9 4.0 3.8 
CaO 10.2 8.2 10.2 10.2 8.4 8.0 9.9 9.6 8.4 8.6 
NazO 2.3 2.9 2.4 2.4 3.0 3.4 3.0 2.7 2.8 2.7 
K2O 0.03 0.05 0.05 0.05 0.03. 0.05 0.07 0.07 0.05 0.05 
p2 0 s  0.17 0.16 0.16 0.17 0.23 0.28 0.16 0.25 0.27 0.20 
LO1 0.42 0.55 0.63 0.41 0.20 0.65 0.96 0.87 0.75 0.25 
Total 98.77 98.65 99.3 1 99.9 1 99.78 98.08 99.60 98.97 99.46 99.20 

Trace elements in parts per million 

Nb 0.8 1.9 0.2 1.9 2.1 1.9 0.6 1 .O 1.6 1.1 
Zr 51.9 30.0 47.3 28.8 74.9 55.8 34.2 55.1 65.4 67.6 
Y 27.5 22.6 24.8 21.7 35.1 31.8 21.3 26.7 32.1 33.7 
Sr 97.9 91.8 91.9 83.5 99.1 152.1 108.4 106.0 94.5 96.6 
Rb  1.4 0.8 2.0 1.6 1.0 2.0 1.3 1.4 0.6 1.2 
Th 2.6 1.3 1.8 2.4 3.3 1.3 1.7 2.2 2.9 4.1 
Ga 16 15 16 16 19 16 15 16 17 17 
Zn 70 52 63 39 93 19 27 57 56 82 
Ni 32 14 39 15 16 11 26 33 14 17 
Cr 39 8 88 11 12 15 13 50 28 1 1  
Va 364 338 348 331 404 41 1 412 355 333 116 
Ba 7.1 17.5 10.1 17.0 12.8 7.5 4.2 6.2 12.2 15.8 
la 2.3 3.8 3.6 4.2 5.8 5.4 4.6 3.4 4.2 4.4 
Ce 7.9 7.7 6.1 7.0 10.0 11.0 10.0 5.5 6.9 9.5 
Nd 6.3 4.9 5.6 3.4 8.3 9.1 5.7 5.9 3.8 7.3 
C.I.P.W. norms (calculated using FeO: Fe203 = 0.85 : 0.15) 
Qz 5.77 13.75 5.16 5.21 10.25 13.21 6.50 4.89 10.24 11.48 
Or 0.21 0.30 0.28 0.29 0.19 0.28 0.40 0.39 0.32 0.28 
Ab 19.38 24.24 20.69 20.73 25.50 28.50 25.14 22.73 23.94 22.88 
An 31.25 27.43 30.92 31.09 27.80 24.90 30.95 29.33 27.26 27.42 
Di 15.02 10.23 15.19 15.27 10.33 11.04 14.26 13.67 10.77 11-76 
HY 21.17 17.34 21.29 21.70 19.16 13.92 16.59 21.60 19.66 18.80 
01 - - - - - - - - - - 
Mt 1.98 1.88 1.89 1.90 2.19 1.86 1.66 1.91 2.17 2.18 
I1 2.19 1.61 1.93 1.95 2.54 2.13 1.94 2.03 2.64 2.60 
AP 0.39 0.37 0.38 0.39 0.52 0.65 0.36 0.59 0.62 0.46 

Table 3 (part 10 of 18) 



Major and Trace Elemerlt Geochenzistry of Holes CY-1 and CY-4: l~izplications for. Petrogenetic Models 

Pellet L5426 L5427 L5428 L5429 L5430 L5431 
CoreISec 398.30 400.90 404.90 407.40 408.60 411.85 
Depth (m) 107.01 108.01 108.02 110.01 1 10.01 11 1.02 

Si02 
Ti02 
A1203 
Fez03 
MnO 
MgO 
CaO 
Na20 
K20 
p2 0 5  
LO1 
Total 

Trace elements in parts per million 

1 C.I.P.W. norms (calculated using FeO: Fe2O1 = 0.85 : 0. 15) 

Table 3 (part l l of 18) 



J .  Tarxey and N.G. Marsh 

Pellet L5436 L5437 L5438 L5439 L5440 
CoreISec 425.60 429.95 435.70 439.20 44 1.75 
Depth (m) 113.04 115.00 117.01 117.01 119.02 

Si02 
Ti02 
A1203 
Fez03 
MnO 
MgO 
CaO 
Na20 
K20 
p2 0 5  
LO1 
Total 

Trace elements in parts per million 

C.I.P.W. norms (calcolated using FeO: Fe203 = 0.85 :0.15) 

Table 3 (part 12 of 18) 



Major and Trace Element Geodlenzistry of Holes CY-I and CY-4: Implications for Petr.ogenetic Models 

Pellet L5446 L5447 L5448 L5449 L5450 
CoreISec 463.40 466.05 472.05 470.00 473.45 
Depth (m) 123.01 125.02 125.03 126.01 126.05 

SiOz 
Ti02 
A1203 
Fe203 
MnO 
MgO 
CaO 
NazO 
K20 
p2 0 5  
LO1 
Total 

Trace elements in parts per million 

C.I.P.W. norms (calculated using FeO: FezO? = 0.85 : 0.15) 

Table 3 (part 13 of 18) 



.I. Tarxey and N.G. Marsh 

Pellet L5456 L5457 L5458 L5459 L5460 
Core/Sec 493.10 497.90 501.35 507.15 5 10.95 
Depth (In) 132.03 133.06 134.08 135.06 136.04 

Si02 
Ti02 
A1203 
Fez03 
MnO 
MgO 
CaO 
Na2O 
K20 
p2 0 s  
LO1 
Total 

Trace elements in parts per ~ n i l l i o ~ ~  

C.I.P.W. nonns (calculated using FeO: Fez03 = 0.85 : 0.15) 

Table 3 (part 14 of 18) 



Major and Trace Element Geochemistry of Holes CY-1 and CY-4: Implications for Petrogenetic Models 

Pellet L5466 L5467 L5468 L5469 L5470 
CoreISec 529.80 530.78 533.18 536.75 539.10 
Depth (m) 141.05 141.06 142.02 143.05 143.09 

SiOz 
Ti02 
A1203 
Fe203 
MnO 
MgO 
CaO 
Na20 
K20 
p205 
LO1 
Total 

Trace elements in parts per million 

C.I.P.W. norms (calculated using FeO : Fez03 = 0.85 : 0.15) 

Table 3 (parl I5 of 18) 



J .  Taratley and N.G. Marsh 

Pellct L5476 L5477 L5478 L5479 L5480 
CoreISec 555.90 557.70 559.70 563.20 565.75 
Depth (m) 148.03 148.09 149.01 150.05 150.06 

SiOz 
Ti02 
A1203 
Fez03 
MnO 
MgO 
CaO 
Na20 
K20 
p2 0 s  
LO1 
Total 

Trace elements in parts per million 

C.I.P.W. nonns (calculated using FeO : Fe203 = 0.85 : 0.15) 

Table 3 (part I6 of 18) 



Major a~ ld  Trace Elenlent Geocl~eniist~y o f  Holes CY-1 and CY-4: Iniplications for Petrogenetic Models 

Pel let L5486 L5487 L5488 L5489 L5490 
CoreISec 581 .80 585.70 59 1.85 594.70 596.05 
Depth (m) 155.03 155.04 157.05 157.00 157.09 

SiOz 
Ti02 
A1203 
Fez03 
MnO 
MgO 
CdO 
Na20 
KzO 
P2 0 s  
LO1 
Total 

Trace elements in parts per  nill lion 

C.I.P.W. nonns (calculated using FeO : Fc203 = 0.85 : 0.15) 

Table 3 (part 17 of 18) 



J .  Tarney and N.G. Marsh 

Pellet L5496 L5497 L5498 L5499 L5500 
Core/Sec 612.94 615.10 617.65 618.85 623.50 
Depth (m) 162.02 163.01 163.05 164.02 164.06 

Si02 
TiOP 
A12O3 
Fez03 
MnO 
MgO 
CaO 
Na20 
K2O 
p205 
LO1 
Total 

Trace elements in parts per millio~i 

C.I.P.W. norms (calculated using FeO: Fe203 = 0.85 : 0.15) 

Table 3 (part 18 of 18) 
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Abstract 

Cluster analysis is used to define magma types in the extrusive rocks of the Troodos ophiolite. Three major 
groups (A, B, and C) are recognized on the basis of major element geochemistry and these are subdivided 
further using trace element data. All of the lavas from CCSP borehole CY-I belong to Group B but there 
is a regular downhole repetition of Subgroups B1 and B2, reflecting variations in Cr contents. In borehole 
CY-IA, most of the recovered lavas belong to Group A, but two intervals have lavas of Group B character. 
The geochemical stratigraphy of this hole thus provides clear evidence for interfingering of the major magma 
types on the northern flank of Troodos. 

Afin de pouvoir dCfinir les types de magma dans la partie extrusive des roches de l'ophiolite de Troodos, on 
a proc6d6 ii une Ctude des fragments utilisant la methode d'analyse des groupes. A la lumikre des principaux 
61Cments gkochimique, on peut reconnaitre trois principaux groupes (A, B et C). Ces derniers peuvent Ctre 
subdivisks en utilisant le resultat des observations des klements trace. Toutes les laves du trou de forage CY-1 
appartiennent au groupe B, mais il y a toutefois une r6p6tition rCguli6re en profondeur des sous groupes B1 et 
B2, refletant les diffkrences de teneur en Cr. Dans le trou de forage CY-IA, la plupal-t des laves rCcup6rCes 
appartiennent au groupe A, mais deux couches comportent des laves ayant les caractkristiques du groupe B. La 
stratigraphic gCochimie de ce trou offre ainsi une preuve tvidente de I'intercroisement des principaux types 
magmatiques sur le flanc nord de Troodos. 

'NOW at Department of Geological Sciences, California Slate University, San Rernardino, California 92407, USA. 
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INTRODUCTION 

One of the prime objectives of the Cyprus Crustal Study 
Project (CCSP) was to determine the magmatic evolution of 
the Troodos ophiolite. We have undertaken a detailed study of 
the geochemical stratigraphy of the Troodos lavas in order to 
document compositional changes with time. Early studies by 
Robinson et al. (1983) and Schmincke et al. (1983) suggested 
the presence of distinct lava groups on the northern flank of 
Troodos which in most areas did not correlate with the pre- 
viously defined Upper and Lower Pillow Lavas (Bear, 1960). 
A detailed study of the major and trace element geochemistry 
of the Troodos lavas by Mehegan (1988) demonstrated the 
presence of three major magmatic events or volcanic cycles 
in the extrusive sequence. During the first cycle, a suite of 
arc tholeiite lavas ranging in composition from basalt to rhy- 
odacite (Group A) was erupted. Overlying and interfingering 
with Group A lavas are two suites of more depleted basalts 
and basaltic andesites, Group B on the northern flank and 
Group C on the southern flank. Group B lavas are depleted 
arc tholeiites whereas Group C lavas are highly depleted arc 
tholeiites with boninitic affinities. 

These three major magma groups have been subdivided 
into regional and stratigraphic subgroups on the basis of trace 
element geochemistry; Group A into Al ,  A2 and As, Group B 
into B1, B2 and B3, and Group C into C1 and C2. All of the 
lavas along the southern flank of Troodos (Groups As, C1, 
C2) are more depleted in incompatible trace elements than 
their counterparts along the northern flank (Groups A l ,  A2, 
B1, B2 and B3). 

Based on their distinctive geochemistry, all of the Troodos 
lavas are believed to have formed in a supra-subduction zone 
environment, probably in  an incipient arc. 

Compilation of a detailed geochemical stratigraphy is ham- 
pered by poor exposures and commonly by structural com- 
plexity. Fortunately, CCSP boreholes CY-1 and CY-1A pro- 
vide a nearly continuous section through the lavas on the 
northern flank of Troodos, thus permitting the high-resolution 
sampling required to determine the relationships among the 
different magma groups. In this paper, we attempt to identify 
compositional groups in the recovered rocks and to determine 
their stratigraphic relationships. Multivariate cluster analyses 
is used to document the lava groups and to help illustrate 
the gross geochemical stratigraphy. Five statistically defined 
Subgroups (Al, A2, BI, B2, and B3)(Table 1) are recognized 
in the cored section on the basis of major and trace element 
compositions. These subgroups reflect successive cycles of 
seafloor volcanism on the northern flank of Troodos. 

GEOLOGY 

CCSP boreholes CY-1 and CY-1A are sited in the Akaki- 
Maroulena canyon on the northern flank of Troodos (Fig- 
ure 1). Hole CY-1 was spudded at the sediment-lava interface 
and was intended to sample the entire volcanic sequence. The 

Table 1: Trace element characteristics of CCSP CY-I 
and CY- I A Lavas. 

Group A l  

Group A2 

Group B2 

Group Bl 

Group B3 

I AKAKl RIVER SECTION ': 

Ti02 Zr Cr Ni Y V 

0.76-1.36 55-1 16 0-13 0-1 l 31-56 34-608 

0.72-0.88 44-52 1-25 2-30 25-32 334-434 

0.51-0.84 25-41 19-97 18-80 15-27 115-313 

0.49-0.81 27-50 103-226 36-106 13-25 168-283 

0.16-0.68 1 1 1 1 1  248-968 90-1038 2-25 7 1-365 

COMPOSITE STRATIGRAPHIC 
COLUMN 

UPPER PILLOW 
LAVAS 

LOWER PILLOW 
LAVAS 

Crstoeeous chalhr 

Units A and FI 

Volts B. C, D.Fz, and 

Units E. G. I. on6 K 

Unltr J. L, and M fAA LOUNDA 
VILLAGE 

Figure 1: Generalized geologic map of the Akaki 
River canyon showing stratigraphic subdivision of the 
Troodos extrusive sequence. Note repetition of litho- 
logic units by faulting. Modified from 'schmincke 
et al. (1983). 

hole penetrated 474 m with a recovery of just over 90% before 
it was terminated because of hole instability and drilling diffi- 
culties. Thirty lithologic units are recognized in the recovered 
core (Robinson et al., this volume) and these are similar to the 
units exposed in the canyon walls. The most common litholo- 
gies are aphyric to sparsely olivine- and clinopyroxene-phyric 
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pillow lavas and sheeted to massive lava flows. Picritic pil- 
lows are present in the upper parts of the core and a few 
dykes cut the lower parts. Fresh glass was observed only in 
lavas below 330m where i t  occurs chiefly as pillow rinds. 

Hole CY-IA was spudded about 2 km farther up the canyon 
at approximately the same stratigraphic level at which Hole 
CY-I was terminated. It penetrated 700m with nearly 95% 
recovery before being terminated due to high water pressures. 
The recovered core consists chiefly of aphyric pillowed and 
massive flows, locally cut by dykes. Thirty four major litho- 
logic units are recognized in the core (Robinson et al., this 
volume), but these do not correlate closely with the exposed 
section. The hole terminated in a sheeted dyke swarm. 

CLUSTER ANALYSIS AND LAVA GROUPS 

Until recently igneous petrologists typically used graphs of 
element pairs to identify chemical subdivisions within geo- 
chemical data sets. However, the subdivision of large data 
sets into natural clusters, or groups, requires simultaneous 
evaluation of all the data, something that is difficult to do 
with traditional variation diagrams. The search for natural 
clusters within large populations thus requires a multivari- 
ate approach. Because geochemical data seldom have normal 
distributions, non-parametric techniques, such as cluster anal- 
ysis, must be used to assess the data. With cluster analysis, 
the geochemical data are evaluated by measuring, in poly- 
dimensional space, the Euclidean distance between attributes 
of samples. Euclidean distance, or the dissimilarity coeffi- 
cient, measures the literal distance between two objects, or 
clusters; hence the smaller the Euclidean distance the more 
similar the two objects. A matrix of Euclidean distances is 
compiled and then examined to identify the nearest neighbors 
to each object, or sample, and thus clusters are determined. 
The clustering procedure continues until no new clusters are 
formed. 

The data set investigated for Holes CY-I and CY-IA in- 
cludes major element data on volcanic glasses (Mehegan, 
1988) and major and trace element data on bulk rock samples 
(this volume). The data set was evaluated using the UP- 
GMA (unweighted pair-group method using arithmetic aver- 
ages) cluster method whicli displays similarities and dissim- 
ilarities between pairs of objects in a set, with the aim of 
classifying the samples. With this method both the latest and 
earliest additions to a cluster have equal weight (Romesburg. 
1990). 

Sample classification is recorded in cluster trees or dendro- 
grams (Figures 2 and 3) which show patterns of similarities 
between the chemical compositions of tlie volcanic glasses or 
bulk-rock samples. The abscissas of the dendrograms lack 
scale because they are organized with samples evenly spaced 
near most similar samples, or their most compatible neigh- 
bors, from the data set. Euclidean distance is plotted along 
the scaled ordinate of each dendrogram. 

The results of tlie data analysis for Holes CY- I and CY-1A 
(Figures 2 and 3) demonstrate that the sanlpled lavas can be 
classified solely on their geocliemical characteristics. In the 
tests for clusters, stratigraphy is excluded as a variable. Fig- 
ure 2 is a dendrogram for major elements of volcanic glasses 
from the northern flank of Troodos including the glasses from 
Hole CY-I. Figure 3 is a dendrogram showing trace ele- 
ment groupings for bulk-rock samples from holes CY-I and 
CY-1A. 

Glass Data 

Dendrograms produced by cluster analysis often contain many 
clusters which need to be evaluated for their importance and 
relevance to the geologic as well as the statistical problem. 
For example, if the dendrogram for the northern Troodos 
glasses (Figure 2) is cut at the Euclidean distance of 0.6, then 
five clusters are clearly visible; however, Mehegan (1988) 
demonstrated that three of these clusters are chemically re- 
lated through fractionation processes and they thus form one 
geologic group. The three large branches, or clusters, on 
the left-side of the dendrogram are composed exclusively of 
glasses from the lower portions of exposed lava sections. The 
branch furthest to the left is composed of rhyodacite glasses 
(PED-SA-TR-5), which are the most evolved samples known 
from the Troodos lavas (Robinson et al., 1983; Mehegan, 
1988). Adjacent to the rhyodacite cluster is a branch which 
contains dacitic and andesitic glasses (PED-26A-TR- 13). The 
very abundant andesites and basaltic andesites (A-5 1-A-54) 
whicli form the large cluster in the centre of tlie dendro- 
gram are also from the lower portions of exposed stratigraphic 
sections. Although the glass compositions from these three 
clusters foim separate branches of the tree, Mehegan (1988) 
demonstrated that their major element compositions can be re- 
lated by closed-system fractionation, and thus samples from 
these three branches combine to form one geochemical group, 
Group A (Figures 2 and 4). 

On the right-side of Figure 2 the thick branch, labelled B I, 
is composed of glasses sampled from upper stratigraphic lev- 
els of the lava pile and from the CY-1 drill core. Between 
the Group A and B1 branches is a smaller cluster, labelled 
Group B2 (Figure 2), which is composed of a few glasses 
sampled from high in the extrusive section, mostly from the 
Akaki-Maroulena canyon and from Hole CY- I .  Although the 
dendrogram suggests that these seven samples are more simi- 
lar to glasses of Group A than to Group B 1, their mineralogy 
and phase chemistry are most similar to those of Group BI 
(Mehegan, 1988). Group B2 is well defined in bulk-rock 
samples from both Holes CY-I and CY-IA (Figure 3). 

In summary, cluster analysis applied to compositional data 
for northern Troodos glasses documents the presence of mul- 
tiple clusters, or populations (Figure 2). The three recognized 
populations correspond to lava Groups A, B 1. B2, and each 
successively younger group is more depleted in TiO;! (Fig- 
ure 4). Glasses sampled in the CY-1 borehole have major 
element compositions that cluster with Groups B2 and B1. 
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Northern Troodos Glasses 

Figure 2: Dendl-ogram (cluster tree) for major element compositions of volcanic glasses from the northein part of 
the Troodos ophiolite. After Mehegan (1988). 

1 ICRDG Lavas 

Figure 3: Dendrogram for trace element compositions of bulk rock samples from CCSP boreholes CY-I and 
CY-1 A. After Mehegan (1988). 
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(MgO wt%) 

Figure 4: Ti02 versus MgO for volca~lic glasses of the 
Troodos ophiolite: = magma Group A from exposed 
section; o = Group As from the exposed section; 
-k = Group B2 from CCSP boreholes CY-I and 1A; 
* = Group B2 from exposed section; + = Group B1 
from exposed section; = Group Bl  from CCSP 
boreholes CY-1 A and 1 A; = Group C from exposed 
section. 

Figure 4 also illustrates that glasses from the southern flank 
of Troodos are more depleted in Ti02 than those from the 
northern flank. 

Whole Rock Data 

Trace element compositions have been used by Mehegan 
(1988) to support major element classifications and to further 
subdivide the Troodos extrusive sequence. Important trace 
elements used as input variables for testing for natural subdi- 
visions by cluster analysis are the compatible elements Cr and 
Ni and the incompatible elements Y, Zr, Ti, and V (Figures 5 
and 6). Figure 3 shows the resultant dendrogram for cluster 
analysis of samples from Hole CY-1 and CY-IA. 

If the tree in Figure 3 is cut at a Euclidean distance of 
0.6 there are six major branches. The three branches on the 
left-side of the upper diagram are composed exclusively of 
bulk-rock samples from Hole CY-I A. The cluster farthest to 
the left contains mostly dacites and andesites which have very 
evolved trace element compositions, whereas the cluster on 
the right contains andesites and basaltic andesites with less 
evolved trace element compositions (Figure 3). Both of these 
first two clusters combine to form one compositional group, 
Group A1 (Figures 5 and 6). An intermediate cluster contains 
lavas with trace element compositions that are less evolved 
than those reported for Group A l ,  and these form a second 
subdivision of Group A, Group A2. Mehegan (1988) origi- 
nally included these lavas in Group B2; however, i t  is now 
clear that they are more akin to Group A (Figures 3, 5 and 
6).  

@ 100 - 
b Croup R l . B 2  

80 - 

40 

Figure 5: Plots of selected minor and trace elements 
for lavas of the Troodos ophiolite. 'showing the various 
geochemical groups. Plots of Zr versus Zr/Y and Zr 
versus Zr/TiO2: + = Group Bl ;  o = Group B2; 
r = Group A2; 0 = Group A 1. 

All the lavas on the northern flank of Troodos belong to ei- 
ther compositional Group A (an arc tholeiite suite) or Group B 
(a depleted arc tholeiite suite) (Mehegan, 1988). Five sub- 
groups are recognized in the drill core from Holes CY-1 and 
IA ,  each characterized by specific trace element compositions 
(Table 1). Subgroup A2 is distinguished from Al primarily 
on the basis of lower Zr and Ti02 contents. Subgroups B1, 
B2, and B3 differ chiefly in their Cr and Ni contents, with B2 
having the lowest and B3 the highest values of these elements 
(Table 1). Subgroup B3 includes olivine phyric basalts and 
picrites formed by olivine accumulation. 

GEOCHEMICAL STRATIGRAPHY OF 
HOLE CY-1 and CY-1A 

In this section we consider the stratigraphic distribution of the 
subgroups recognized within the drilled sequence in order to 
develop a detailed geochemical stratigraphy for the lava pile. 
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P s 
30 Group A1 
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Group BI. B2 
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Figure 6: Plots of selected minor and trace elements 
for lavas of the Troodos ophiolite, showing the vari- 
ous geochemical groups. Plots of Zr versus V and Y 
versus YRiO2: @ = Group B1; o = Group B2; 

= Group A2; = Group A l .  

Hole CY-1 

All the analyzed volcanic glasses from Hole CY-I belong to 
Group B. These glasses were sampled from a depth interval 
of 320-440 m in CY- 1 arid show a repetition of Subgroups B 1 
and B2. Additional information on the chemical stratigraphy 
of the CY-I drill core can be gained from cluster analysis of 
trace element compositions of crystalline bulk-rock samples 
(Figure 3). An evaluation of the results of the multivari- 
ate analysis demonstrates that most lavas of the CY-I drill 
core can be subdivided into chemical units that correspond 
to a high-Cr subgroup, Group B1, and a low-Cr subgroup, 
Group B2 (Table 1 and Figures 5, 6 and 7). 

A regular repetition of Subgroups B1 and B2 is appar- 
ent downhole with a concentration of the rarer, very high- 
Cr, Group B3 lavas at the top of the sequence (Figure 8). 
Thin layers of picrites belonging to Group B3 occur between 
depths of 285 to 3 12 m. In general, lavas of Group B 1 are 

most voluminous in the upper part of the core and diminish 
irregularly with depth. There is no apparent correlation be- 
tween lava type and lithologic unit  (i.e. pillowed or massive) 
in the section. 

Mehegan (1988) argued that magma Groups B1 and B2 
could not be related to one another by simple fractionation 
processes and thus were probably not erupted from the same 
magma chamber. If this interpretation is correct the extrusive 
sequence sampled in Hole CY-1 must have been formed by 
alternating eruptions from coexisting magma supply systems. 
Such a model can be easily accommodated if one or both of 
the magmas moved laterally through the dyke system before 
being erupted at the surface. Group B3 lavas (picrites) can 
be related to those of Subgroup BI by olivine accumulatioli 
(Mehegan, 1988) and, hence, were probably derived from the 
same supply system. 

All of the analyzed volcanic glasses from Hole CY-I 
belong to Group B1 except for a few samples at 370m 
which have Group B2 compositions (Figures 2 and 8). 
These Group B2 glasses were recovered from a sequence of 
aphanitic fine- to medium-grained basalt flows overlain by 
1.2m of volcanic sediments (Robinson et al., this volume). 
Geochernically and stratigraphically, these lavas correspond 
to samples from the top of Unit 3 in the Akaki-Maroulena 
canyon (Figures 1 and 8), suggesting a possible correlation 
between the drilled and exposed sections (Mehegan, 1988). 
Similar glasses also occur in stratigraphically lower lithologic 
units in the canyon (600-700m) but probably do not correlate 
with the borehole samples. 

Hole CY-1A 

In Hole CY-1A the extrusive sequence is cut by three major 
dyke swarms (210-350m, 56@-620m and 655-700m) which 
obscure the lava stratigraphy (Figure 9). Nonetheless, most of 
the lavas recovered from this hole belong to Group A. Both 
Subgroups A1 and A2 are present and these alternate down 
the hole. Lavas of Subgroup A2 appear to be most abundant 
in the upper parts of the section whereas those of Subgroup 
A1 dominate below about 185 m. 

Two intervals have lavas of Group B compositions: a 
15-m-thick interval of olivine-phyric lavas with high Cr con- 
tents typical of Subgroup B3 occurs at the top of the sequence 
(Figure 9), and lavas of Subgroup B1 alternate with those of 
Subgroup B2 in the interval between about 115 and 165m 
depth. Intercalated with these lavas is a thin layer belonging 
to Group A2. 

Mehegan (1988) demonstrated that magma Group A could 
not be derived from either Group B1 or B2 by simple fraction- 
ation processes, suggesting the presence of a separate parental 
magma. The intercalation of lavas with Group A and B com- 
positions suggests that the section was built by eruptions from 
separate magma supply systems. 



J.M. Melzegan and P.T. Robinson 

Figure 7: Geochemical variation diagram showing Cr vs. Ni for lavas from CCSP borehole CY-I and IA: 
+ = Group A l ;  = GroupA2; = GlaupB2; + = GroupB1. 

SUMMARY 

In summary, cluster analysis illustrates that northern Troodos 
lavas sampled in the CCSP drill cores can be subdivided into 
magma Groups A and B. Group A can be further subdivided 
into two Subgroups (A1 and A2). Mehegan (1988) originally 
included lavas of Subgroup A2 in Group B but data from 
the borehole samples suggest an affinity with Group A. The 
dendrogram for the CCSP drill core samples differs from those 
produced for the exposed sections by Mehegan (1988) in that: 
( I )  rhyodacites which occur in the field were not encountered 
in the CCSP boreholes, (2) the division of Group B lavas into 
Subgroups B2 and B1 is better illustrated within the CCSP 
data set than the field samples, and (3) Group A is divided 
into Subgroups A1 and A2. 

The combined CY-1 and CY-IA drill cores and the Akaki- 
Maroulena canyon section show a complex volcanic and mag- 
matic history. At the base of the sequence are lavas typi- 
cal of magma Group A and these are overIain by lavas of 
Group B. Throughout the sequence Groups A and B can be 
subdivided into a number of Subgroups (Al, A2, B 1, B2, and 
B3) which represent important magma types. The combined 
geochemical stratigraphy of drill cores CY-1 and CY-1A and 
the Akaki-Maroulena canyon records the following extrusive 
history: basalts and some siliceous lavas of Group A2 were 
extruded, and partially obscured by later dykes which cut the 
sequence. This was followed by the extrusion of siliceous 
lavas of lava Group A1 which are represented in the CY-1A 
drill core between 650 and 390m. Above 210m in Hole 

CY-IA, the uppermost Group A lavas interfinger with rela- 
tively basic lavas of Group B. In Hole CY- I, Subgroups B1 
and B2 show a regular alternation, with B1 lavas becoming 
more abundant up section. 

The CY-I and CY-IA drill core is cut by numerous dykes 
and low angle sills which have compositions of andesite to 
picritic basalt. As expected, the trace element compositions 
of the intrusions span those of Groups A and B. 

DISCUSSION 

Robinson et al. (1983) reported that the analyses of natural 
volcanic glasses from the Troodos ophiolite indicated multiple 
cycles of arc volcanism. Mehegan (1988) demonstrated that 
the Troodos lavas were produced by three cycles of magma- 
tism (Groups A-As, B2-C2, BI-CI) with each cycle marked 
by a progressive depletion of its lavas in incompatible ele- 
ments with subsequent enrichment of the more compatible 
elements. The Troodos lavas from all three cycles are LREE- 
depleted and have MORB-normalized geochemical profiles 
similar to those of lavas from the Mariana fore-arc, the Palau- 
Kyushu Ridge, and the Semail and Point Sal ophiolites. The 
geochemical data suggest that the Troodos lavas evolved in a 
supra-subduction zone setting, probably in an incipient arc. 

Data presented in this paper supports these earlier con- 
clusions and helps to further clarify the petrogenetic history 
of Troodos. Interfingering of lavas from the different com- 
positional groups is well documented in the drill cores of 
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Figure 8: Downhole variation of Cr and simpli- 
fied geochemical stratigraphy for CCSP Hole CY- I : 
o = Group BI; = Group B2; = Group B3. 

tlie CCSP. This interfingering could indicate that all volcan- 
ism was related to one magmatic event through a complex 
history of open- and closed-system fractionation or that the 
lavas from each statistically and cliemically distinct group 
were products of separate magmatic cycles. It was demon- 
strated by Mehegan (1988) that the range of major and trace 
element compositions within each of tlie Troodos lavas groups 
could be explained by low-pressure fractionation. However, 
modelling demonstrated that the separate groups could not be 
related by simple low-pressure, closed-system fractionation or 
by magma mixing. 

Meliegan (1988) presented a model suggesting that each 
cycle of magmatism derived from a separate parental magma, 
generated at successively shallower mantle depths. He sug- 
gested that the earliest volcanic sequence of Troodos, Cycle 
A-As, was produced by extensive olivine and Cr-spinel frac- 
tionation of primary tholeiitic melts. The tholeiitic melts are 

Figure 9: Dowilhole variatio~i of Cr and Zr and 
si~nplificd geochc~nical sllatigmphy for CCSP bore- 
hole CY-IA: * = Group Al; . = Group A2; 
o = Group B 1 ; + = Group B2; = Group B3. 

believed to have formed by about 10% partial melting of a 
spinel Iherzolite at 40-60km and to have undergone fraction- 
ation during diapiric uprise. The range of lava compositions 
in Cycle A-As can be explained by a combination of low- 
pressure, closed-system fractionation, with lesser open-system 
fractionation and magma mixing. Diapiric rise of these melts 
through n wet peridotite led to production of Cycle B2-C2 
melts at depths of around 30-40km by 10-20% partial melt- 
ing. Because they were denser, the diapirs forming B2-C2 
melts trailed behind the first-cycle diapi~s that were produc- 
ing tholeiitic melts. Heat from these earlier formed diapirs 
could have caused additional melting ( 20-30%) at depths as 
shallow as 25 km, forming Cycle B I-C I. 

The net result of these processes would be the formation 
of a vertical series of diapirs, the uppelmost of wliicli would 
contain the first formed and least dense melts of Cycle A-As. 
The more recently formed and denser melts (Cycles B2-C2 
and BI-CI) would lie at progressively lower levels. These 
young, dense melts were the most depleted in REE and in- 
compatible trace elenients of all the Troodos magmas. 

Cycle A-As melts generally arrived in the upper crust prior 
to those of Group A and Group B lavas observed in the 
CY-I A drill core indicates that both depleted and relatively 
enriched magmas co-existed at shallow levels. It is not clear 
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how these magmas maintained separate identities in such a 
rifting environment. 
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Abstract 

Massive and pillowed olivine-rich flows form part of the Upper Pillow Lavas of the Troodos ophiolite in the 
vicinity of Margi, Cyprus. Although originally thought to have crystallized directly from peridotitic melts, these 
lavas are here shown to result from olivine crystal settling either in high level magma chambers or within the 
flows. Lithologic units identified in the field con-elate with four major geochemical types. Analyses of glasses 
and 'fresh' basalts from the upper part of the sequence clearly show that these lavas are part of the 'depleted' 
suite described by earlier workers. The parental magmas of these depleted lavas were derived by low degrees 
of partial melting of a variably depleted mantle source. 

Des coulCes de lave massive riche en olivine et des coulkes en coussinet font partie des couches supCrieures 
de laves en coussinet de I'ophiolite de Troodos, dans les environs du village de Margi. Bien qu'h I'origine ont 
ait penst qu'elles se soient directement crystallistes B partir des fusions ~Cridotitiques, ces laves paraissent etre 
ici le produit de crystaux d'olivine, qui se sont Ctablis soit dans les chambres magmatiques suptrieures, soit 
dans les coultes elles-mCmes aprks extrusion. On peut identifier un certain nombre d'unitks lithologique sur le 
terrain et celles-ci sont rattachkes B quatre types gCochimiques principaux. Les observations des verres et du 
basalte frais provenant de la partie sup6rieure de la stquence indique clairement que ces laves font partie de 
la suite appauvrie, dCcrite par des travaux antkrieurs, et le magma parent duquel a CtC obtenu par une fusion 
partielle ?i faible degrC d'une source mantellique inhgalement appauvrie. 
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Figure 1: General geology of the area around Masgi village on the nosth flank of the Troodos ophiolite. 
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INTRODUCTION This paper deals for the most part witli the overlying Upper 
Pillow Lavas. 

The petrology and geochemistry of the volcanic rocks of the 
Troodos ophiolite, Cyprus have been a matter of considerable 
discussion in recent years (e.g. Robinson et al., 1983; Malpas 
and Langdon, 1984: Rautenschlein et al., 1985; Schmincke 
et al., 1983; Cameron, 1985; Taylor, 1990). Of particular in- 
terest is a sequence of ultramafic lavas, first described by Gass 
(1958), near the village of Margi (Figure 1). These occur as 
olivine-phyric pillowed and massive flows in the Upper Pil- 
low Lavas near the top of the extrusive sequence. Gass (1958) 
recognized two varieties of ultramafic lavas, which he termed 
'vitrophyric' and 'holocrystalline,' reflecting the crystalliza- 
tion state of the groundmass. Because these rocks are com- 
positionally similar to peridotites and peridotitic komatiites, 
Gass (1958) and Searle and Vokes (1969) suggested that they 
crystallized directly from high magnesium peridotitic melts. 

This origin was questioned by Malpas and Langdon (1984). 
They noted that these rocks are extremely rare even in Troo- 
dos, and that such highly picritic magmas were unlikely to be 
generated given the geothermal gradient that probably existed 
at the time of formation of the lava-pile; field and mineralog- 
ical evidence cited below suggest an alternate origin. 

The current study was undertaken to characterize the ultra- 
mafic rocks and to find the source from which these ultramafic 
lavas were derived. Since olivine-phyric lavas are common 
throughout the extrusive complex of the ophiolite, it is likely 
that the processes identified within the Margi area are appli- 
cable to other sections of Troodos volcanics. 

STRATIGRAPHY AND LITHOLOGY 

The Margi area is underlain by a sequence of olivine-phyric 
lavas some 225 m-thick, traditionally known as Upper Pillow 
Lavas. These lavas unconformably overlie rocks of the Lower 
Pillow Lavas, a generally aphyric suite, from which they are 
separated by a thin sediment horizon. This can be traced from 
the Mathiati sulphide deposit, 5 km southeast of Margi, to the 
Ayios Onouphios river, I0 km to the west (Taylor, 1990). 
The Margi area is one of the few places in Troodos where 
the Upper and Lower Pillow Lava boundary correlates with 
the boundary between the compositional groups defined by 
Robinson et al. (1983, and see below). The Margi lavas are 
overlain by umbers and calcareous rocks of the Perapedhi and 
Lefkara Folmations. 

The Margi area is dissected by several north-south strik- 
ing normal faults which repeat the lava stratigraphy in east- 
west transects. The Lower Pillow Lavas comprise aphyric to 
clinopyroxene- and plagioclase-phyric pillows and thin flows. 
In the Margi area these rocks are overlain by hyaloclastites 
and a volcanic breccia. Pillows are variable in size, dark 
brown, and highly vesicular. Most vesicles have linings of 
smectite, analcime, or calcite, and in thin section the only pri- 
mary minerals observed are plagioclase, clinopyroxene, and 
titanomagnetite. 

THE UPPER PILLOW LAVAS 

Two major stratigraphic sequences are recognized in the 
Upper Pillow Lavas of the Margi area: a lower sequence, 
about 175 m thick, composed chiefly of olivine-phyric lavas 
and an upper sequence, about 50m thick, of aphyric and 
sparsely-phyric lavas (Figure 2). 

The Lower Sequence 

The lower sequence consists chiefly of crystalline or glassy, 
olivine-phyric pillows and thin flows, picritic pillows, and 
thick massive flows with picritic bases. A few aphyric and 
microphyric massive flows are also present. Locally, the vol- 
canic units are separated by thin layers of breccia and sedi- 
ment. 

Olivine-phyric Pillows (Units A and B, Figure 2) 

These rocks are chiefly light brown, light grey, or reddish 
brown in colour, reflecting variable degrees of alteration. A 
few pillows have fresh black glassy rinds, but most glass 
has been altered to green smectite and minor carbonate, 
which also fil l  interpillow voids. Olivine, clinopyroxene, and 
spinel phenocrysts combined rarely exceed ten modal percent. 
Olivine phenocrysts are subhedral to euhedral and range from 
0.5 to lOmm in diameter. Most are completely altered to 
mixtures of smectite, iron oxides, and calcite. Clinopyroxene 
forms equant, subhedral crystals witli an average diameter of 
approximately 0.3 mm. Typically, the clinopyroxene crystals 
are much fresher than adjoining olivine crystals and are pale 
green in hand specimen. Dark red to black, euhedral spinel 
grains occur as inclusions in large olivines or, more rarely, 
independently within the groundmass. 

The groundmass of these rocks is tan to brown in  colour, 
and composed largely of clays, disseminated secondary ox- 
ides, and calcite. Poorly fo~med elongate microlites of 
clinopyroxene are present in all samples (4-20 modal per- 
cent). Minute grains and needles of plagioclase are also com- 
mon but are generally less abundant than clinopyroxene (3-15 
modal percent). 

In a few specimens, the groundmass is black, hard, and 
appears glassy. In these rocks, clinopyroxene microlites with 
quench morphologies comprise 40-70 modal percent of the 
groundmass. The remainder is glass, most of which has been 
altered to dark-brown smectite. 

Picritic Pillows (Unit C, Figure 2) 

Picritic pillows in the lower sequence occur at two localities 
and, in both cases, grade vertically and laterally into typi- 
cal olivine-phyric lavas. The pillows are generally spherical, 
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sediments in the Margi area. 

with diameters ranging from 20 to 60cm. Individual pillows 
are often difficult to discern because chilled margins are in- 
distinct. Locally, however, pillow forms are accentuated by 
the presence of interpillow sediment. Fresh glass is preserved 
along some pillow margins, forming a rind that is never more 
than 2 mm thick. 

Fresh porphyritic olivine is abundant (45-65 modal per- 
cent) and is distributed within single pillows with only a slight 
decrease in grain size from pillow core to rim (Figure 3). 

Grains are euhedral to subhedral and range from 0.5 to 
14mm in size, with an average of 4mm. They commonly 
contain inclusions of spinel and groundmass material and are 
typically altered to greenish-brown smectite along fractures 
and grain boundaries. 

The groundmass of these pillows is dark brown to black, 
being largely composed of devitrified and altered glass. 
Clinopyroxene microlites comprise 20-30 modal percent of 
most samples and some anhedral olivines are also present. 
Subhedral, dark-red to black spinels, averaging 2mm in size, 
occur in minor amounts (trace to four modal percent). 

Massive picritic flows (Unit D, Figure 2) 

Massive flows with picritic bases are also common in the 
lower sequence. Individual flows range from about 1 to 30m 
thick and have a lateral extent up to about 200 m. In thin flows 
(<5 m), olivine is present throughout but is most abundant in 
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Figure 4: Cross sectio~i of thick picritic flow showing 
lithologic divisions. 

the bottom half. A cross-section of a thicker flows is shown 
in Figure 4. There are four distinct lithologies in such flows: 
(I)  a picritic base, (2) a transition zone, (3) a medium-grained 
aphyric flow interior, and (4) an olivine-phyric, oxidized flow 
top. 

The picsitic base is typically dark green to black and rela- 
tively resistant to weathering. Columnar jointing is invariably 
present, but poorly developed. Layering on a 5-10cm scale 
reflects minor variations in the size and modal abundance of 
the mineral phases. Some flows have a basal chilled zone, 
5-30cm-thick, which is only moderately olivine-phyric. The 
picritic zone typically contains 20-60 modal percent olivine, 
5-25 modal percent clinopyroxene, 4-12 modal percent pla- 
gioclase, and trace to four modal percent spinel. Olivines are 
subhedral to round and have an average diameter of approxi- 
mately 2mm. They contain inclusions of spinel and ground- 
mass material, and a few of the largest crystals exhibit strain 
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features and broad kink-bands. Alteration to light-green smec- 
tite ranges from about 10 to 80%. Clinopyroxene grains are 
subhedral and elongate, with an average diameter of 0.4 mm. 
Most are diopsidic augite, although trace amounts of Ca-poor 
pyroxene mantle resorbed olivine grains. Plagioclase varies 
in size from minute needles to 2 mm-long laths. The largest 
plagioclase crystals are commonly zoned and intergrown with 
pyroxene. Groundmass and opaque inclusions are ubiquitous, 
especially in the cores of crystals. Reddish-brown, subhe- 
dral spinel occurs either as inclusions in other phases or as 
individual groundmass crystals. 

The transition zone, rarely more than a few metres thick, 
marks the interval in which clinopyroxene replaces olivine as 
the dominant ferromagnesian phase. 

The aphyric interior is a light-tan, medium-grained rock, 
composed chiefly of clinopyroxene and plagioclase. Subhe- 
dral clinopyroxenes average 0.4mm in diameter, are strongly 
zoned, and commonly twinned. They contain minute opaque 
inclusions which outline the crystallographic zones in con- 
centric trails. Plagioclases are variable in size and shape, but 
are typically strongly zoned laths with an average length of 
0.25 mm. 

The aphyric flow interior grades upward into the oxidized 
flow top. This uppermost zone is commonly olivine-phyric, 
but the abundance of the olivine phenocrysts is much less and 
the grains are a little smaller than lower in the flow. Most of 
the olivine is altered to smectite and iron oxides. 

Aphyric and microphyric massive flows 
(Units E, F, and G,  Figure 2) 

Aphyric massive flows occur only near the centre of the lower 
sequence, although they are apparently not confined to a sin- 
gle stratigraphic horizon. Individual flows vary from 3 to 
15 m thick and can be traced laterally for up to 150 m. These 
flows are aphyric throughout, but the lower portions are 
coarser-grained and more pyroxene-rich than the upper por- 
tions. Columnar jointing is well-developed in the lower parts 
and vesicles are common in the upper parts. Plagioclase 
makes up 40-70 modal percent and occurs as strongly zoned 
subhedral laths up to 1.2mm long. Clinopyroxene makes up 
5-10 modal percent of most flows but may be as much as 
thirty modal percent in small localized zones along the base 
of some. The clinopyroxenes are typically subhedral with 
an average diameter of 0.3 mm. Most are optically zoned, 
and contain abundant opaque inclusions. The groundmass is 
totally altered to clays and oxides. 

In the lower part of the lower sequence are exposed some 
thick flows containing olivine and clinopyroxene microphe- 
nocrysts. In olivine-bearing flows, olivine varies from trace 
amounts to ten modal percent and is homogeneously dis- 
tributed, although grain sizes are somewhat larger toward the 
base. Olivine grains are anhedral to subhedral, 0.25 mm in 
diameter, and completely altered to smectite and Fe-oxides. 
Flows with thick basal concentrations of clinopyroxene range 
from 5 to 15 m in thickness, and exhibit a gradual decrease 

in the total abundance of clinopyroxene and a corresponding 
increase in the relative amount of plagioclase from bottom 
to top. Pyroxene microphenocrysts average 0.21nm diameter 
with occasional grains up to 1 mm long. 

The Upper Sequence (Units H and I, Figure 2) 

The boundary between the lower and upper sequence is dis- 
tinct and marked by an abrupt decrease in modal olivine 
concentrations and an increase in clinopyroxene microphe- 
nocrysts. Fresh glass and hyaloclastic material are also more 
abundant in the upper sequence. Most rocks are aphyric, but 
sparsely olivine-phyric varieties are present in the top part of 
the upper sequence. This consists chiefly of pillowed lavas 
with some thin flows. The pillows range from 30 to 250cm 
in diameter and average about I m. They are typically light 
greenish grey but many have tan to reddish-brown margins. 
Highly oxidized varieties are typically yellowish- to reddish- 
brown. The thin, non-pillowed flows range from about lOcm 
to 2m in thickness. They are greenish grey in colour and 
typically are harder and more coherent than the surrounding 
pillows. Vesicles, 0.3-5 mm in diameter, are concentrated in 
the upper one-third of individual flows and are predominantly 
spherical. Many of the thinnest flows have well developed 
ropey surfaces, whereas the thicker flows typically have a 
smooth upper surface. 

Olivine is the main phenocryst phase in this unit but 
microphenocrysts of clinopyroxene are also common. The 
olivine is irregularly distributed, being concentrated in pillow 
cores and flow bases, but it never exceeds five modal per- 
cent. Olivine grains are typically subhedral and small, rarely 
larger than 1.5 mm in diameter. They are completely altered 
to mixtures of smectite, iron oxides, and minor carbonate. 
The clinopyroxene typically forms small equant grains ap- 
proximately 0.3 mm across with a few up to 1.2 mm long. 

Groundmass alteration is extensive in these rocks, ranging 
from about 60 to 100%. However, despite this high degree of 
alteration, fresh glassy rinds are preserved on many pillows 
and flow surfaces. Generally the glass is best preserved where 
thick layers of umber overlie the volcanic sequence. 

MINERALOGY 

Olivine is the dominant phenocryst phase in the lavas of 
the Margi area. It ranges from zero to over fifty modal 
percent in both pillow lavas and massive flows. Although 
most of the olivine has been altered to smectite, iron ox- 
ides, hydroxides, and carbonate, fresh grains are common, 
particularly in the picritic units and 'glassy' olivine-phyric 
pillows. In the picritic flows, olivine crystals range up to 
12mm across and are mostly subhedral to round; in picritic 
pillows they are typically euhedral. Most of these grains con- 
tain inclusions'of spinel and groundmass material and many 
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Table 1: Representative Olivine Analyses. DL36: UI- 
trabasic pillow lava - phenocryst core; 99-5: Picritic 
flow base - phenocryst core; 10-3: Glassy olivine- 
phyric pillow lava - phenocrysl core; DL23: Picritic 
Row base - g~.oundmass grain; 86-6: Olivine-phyric 
pillow lava - groundmass grain; - = not detected; 
* - - Total iron as FeO. 

Sample # 

SiOz Q 
,41203 
C1.?O3 
FeOg 
MliO 
MgO 
CaO 
NiO 

Fo 

Si 
Fez 
Mn 
Mg 
Ca 
Ni 

exhibit broad kink-bands. Such deformation is co~nmonly 
observed in olivines of mantle peridotites and is the result 
of high-temperature dislocation creep (Poirier and Nicolas, 
1976; Koehlstedt et a]., 1976). 

DL36 99-5 10-3 DL23 86-6 

41.66 40.12 39.66 40.64 38.65 
0.04 - 0.19 

0.19 0.05 
6.90 7.99 10.75 12.12 15.23 
0.1 I 0.05 0.1 I 0.16 0.23 

52.63 50.50 48.80 47.88 45.19 
0.17 0.20 0.18 0.23 0.18 

0.29 0.22 - 0.05 

93 92 89 87.5 84 

0.993 0.986 0.982 0.994 0.980 
0.138 0.164 0.223 0.248 0.323 
0.002 0.001 0.002 0.003 0.005 
1.869 1.851 1.801 1.746 1.707 
0.004 0.005 0.005 0.006 0.005 

- 0.006 0.004 - 0.001 

Olivines are Mg-rich, ranging in composition from FoR6 
to F o ~ ~  in picritic units (Table 1). In many specimens 
tliere is a bimodal assemblage wit11 large, relatively liomoge- 
neous, liiglily magnesian ( F o ~ ~ - ~ ~ )  phenocrysts and smaller 
Inore iron-rich (F086-88) groundmass grains. Some large 
plienocrysts have narrow rims with compositions similar to 
grou~idmass olivines (Figure 5). Olivine in the sparsely phyric 
lavas is typically skeletal to subhedral and rarely exceeds 
2.5 mm. These grains are relatively iron-rich compared to 
those of picritic units, ranging from Fog3 to FoR9, and may 
show the entire range of compositions within a single sample. 

The relatively wide range of olivine compositions suggests 
variable conditions of crystallization. The large olivine phe- 
nocrysts in the picrites, with high forsterite contents, spinel 
inclusions, kink-bands, and rounded grain boundaries, prob- 
ably crystallized from magnesium-rich liquids at relatively 
high temperatures. They were probably not in equilibrium 
with the melts in which they were extruded. Conversely, the 
relatively iron-rich grains found in the sun-ounding pillows 
appear to have been Iiquidus phases at the time of extrusion. 

Pyroxenes 

Pyroxenes are the second most abundant phase in tlie vol- 
canic rocks of the Margi area. Large phenocrysts are rare, 
but niicrophenocrysts ranging from 0.2 to 0.6 mm in diameter 

3 mm - 
rim 

sio, 

% ' 1  1 
39 1;; W% 

12 

W% lo] 8 FeO 

6 
NIO 0 
cso 

Figure 5: Elcctron microprobe traverses across a 3 mm 
olivine phenocryst from a picritic pillow. Co~npositio~l 
of grain interior is FOE, rim composition Fox8. 

are common. As with olivine, the crystals are highly vari- 
able in both distribution and abundance. Distinct microphe- 
nocrysts are particularly abundant in the lowermost and up- 
pelmost parts of tlie sequence but are conspicuously absent in 
the picritic pillows. Groundmass microlites are abundant in 
almost all samples and exhibit morphologies typical of rapid 
growth and quenching, particularly in the pillowed units. 

Clinopyroxene makes up 5-20 modal percent of the picritic 
bases of massive flows. Crystals are typically elongate to 
bladed, and vary from 0.1 to 3 mm in length. Minute grains 
of calcium-poor pyroxene rim some large olivines and Ca-rich 
pyroxenes in these rocks. 

In  the aphyric, massive flows, clinopyroxene typically oc- 
curs as subhedral to euhedral, strongly zoned, equant grains 
that range from 0.2 to 1 mm in diameter. 

Microprobe analyses show the presence of four distinct 
varieties of pyroxene: Ca/Mg-rich clinopyroxene, Al-rich 
clinopyroxene, Fe-rich clinopyroxene, and Ca-poor pyrox- 
ene (Table 2). Ca/Mg-rich diopsides and endiopsides are tlie 
most common pyroxene phenocrysts. These distinctive crys- 
tals contain significant amounts of chromium (0.5-1.5 wt.%) 
and only minor amounts of titanium (<0.5 wt.%). Al-rich 
clinopyroxenes occur as groundmass microlites and quench 
crystals. Most of these lie in the diopside or salite fields, 
although many plot above the diopside-hedenbergite join in 
the pyroxene quadrilateral (Figure 6). The unusual compo- 
sitions of these grains (e.g. tlie high Al and Fe, and low Si, 
Mg, and Cr contents), are likely the result of rapid cooling 
(cf. Lofgren et al., 1974 and Coisli and Taylor, 1979). Fe-rich 
clinopyroxenes occur only in aphyric massive flows. These 
are generally richer in Fe and lower in A1 than the CaIMg- 
rich pyroxenes and plot in the augite field. Ca-poor pyroxenes 
rim many large Ca-rich pyroxenes in the picrite-based flows. 
Compositions range from hypersthene to magnesian pigeonite 
(I .5-6 wt.% CaO). 
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Figure 6: Pyroxene compositions plotted in the pyroxene quadrilateral; o = groundmass grains; 0 = microphe- 
nocrysts from aphyric flows; A = Ca-poor groundmass grains in picritic flow bases; + = phenocrysts from 
picritic flows. 

Si02 % 
Ti02 
A1203 
c1'203 
FeO* 
MgO 
CaO 

Plagioclase 

Plagioclase is a groundmass phase in all but the picritic pil- 
lows and a few poorly crystallized olivine-phyric pillows. In 
general the greater the thickness of a flow unit, the larger and 
more abundant the groundmass plagioclase grains, suggesting 
that they crystallized after eruption. Most grains are small, 
lath-shaped microlites, except for those in the thickest flows 
that are large, anhedral grains commonly intergrown with py- 
roxene. 

Sample # 

Porphyritic plagioclase has not been observed in any of the 
rocks, although elongate microphenocrysts are locally present. 

14-7 35-6 PL24 KL34 

I I 

Much of the plagioclase is 'cloudy,' suggesting incipient 
Table 2: Representative pyroxene analyses. 14-7: alteration to clay minerals, and the cores of some large grains 
Olivine-phyric flow base - Ca/Mg-rich diopside; 35-6: have been replaced by potassium feldspar (adularia). Most 
Glassy olivine-phyric flow - AI-rich groundmass grain; plagioclase is highly calcic, with compositions between An7o 
PL24: Aphyric flow - Fe-rich g~.oundmass grain; 
KL34: Picritic flow base - Ca-poor phenocryst rim; 

and Anso (bytownite) (Table 3). More sodic rims (up to AnSz) 

- = not detected; * = total iron as FeO. are present on a few grains. No systematic variations in pla- 
gioclase composition were detected in the lavas. 
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I Sample # I 101-3b KL23 74-5 101-3c I 
Si02 % 
A1203 
FeO* 
MgO 
CaO 
'Na20  
KzO 

Or 
Ab 
An 

Table 3: Representative plagioclase analyses. 101-3b: 
Olivine-phyric flow - core of large grain; KL23: 
Aphyric massive flow - groundmass grain core; 74-5: 
Aphyric massive flow - groundmass grain rim; 101-3c: 
Olivinephyric flow - groundmass grain; - = not de- 
tected; * = total iron as FeO. 

Spinel 

Spinel is a common accessory mineral (trace to five modal 
percent), particularly in the picritic and highly olivine-phyric 
rocks. Most grains are subhedral and less than 0.5 mm in di- 
ameter, although discrete phenocrysts up to 2 mm are present 
locally. The smallest typically occur as inclusions within large 
olivine phenocrysts. 

All the spinels are chrome-rich with Cr203 contents be- 
tween 40 and 60  wt.% (Table 4). Most analyzed grains fall 
within the field of spinels from the Troodos plutonic sequence 
(Cameron et al., 1980). 

GEOCHEMISTRY 

Major Elements 

Whole-rock samples from all major lithologies were analyzed 
by XRF. Four major compositional types can be distinguished 
by major element geochemistry: picrites (type l), olivine 
phyric lavas (type 2), aphyric massive flows (type 3)(all part 
of the Upper Pillow Lavas), and the aphyric flows of the 
Lower Pillow Lavas (type 4). Selected examples are given in 
Table 5. 

Plots of major element chemistry (Figure 7) clearly show 
the unusual, ultrabasic compositions of the picritic rocks, with 
MgO contents ranging from 20 to 40 wt.% and Si02 contents 
generally less than 45 wt.%. 

The other compositional types are predominantly basalt 
to basaltic andesite, though it should be noted that types 2 
and 3 have unusually low Ti02, high MgO, and high Si02 

Ti02 % 

A 1 2 0 3  

Cr203 
FeO* 
MnO 
MgO 
CaO 
Mg/(Mg+Fez) 
Cr/(Cr+Al) 

Table 4: Representative Spinel Analyses. 154a-7: 
Olivine-phyric pillow lava - groundmass grain rim; 
127-8: Picritic pillow lava - groundmass grain core; 
127-2r: Picritic pillow lava - inclusion in olivine; 
154a-5: Olivine-phyric pillow lava - microphenocryst 
core; - = not detected; * = total iron as FeO. 

contents compared to typical MORB, and are therefore simi- 
lar to boninites and high-Mg andesites (Cameron and Nisbet, 
1982). Although major element diagrams cannot be used with 
confidence to separate the compositional types, samples from 
type 4 do appear to be distinct from the other types. 

Trace Elements 

The following trace and minor elements were analyzed by 
XRF: Rb, Sr, Y, Zr, Nb, Ba, V, Zn, Cu, Ni, Cr, Ti, and 
P. Niobium and barium are typically at or below detection 
levels (approximately 3 ppm and 20 ppm, respectively) and 
are not shown in any of the geochemical plots. 

The remaining elements, except for Ni, Cr, and Cu, tend to 
behave incompatibly in basaltic magmas. Plots between pairs 
of incompatible elements are often useful for distinguishing 
magma suites, since the inter-element ratios are not signif- 
icantly influenced by simple fractional crystallization pro- 
cesses. Unfortunately, the behaviour of incompatible trace 
elements in basalts subjected to low-temperature, hydrous al- 
teration is highly variable. 

Titanium was chosen as a common plotting parameter for 
the following reasons: (1) it is generally regarded as 'immo- 
bile' under conditions of low-temperature seawater alteration 
and the tight cluster of data points on the Ti02/Mg0 dia- 
gram (Figure 7) supports this conclusion; (2) it is present 
in relatively high concentrations that can be analyzed with 
precision; and (3) samples contain a wide range of titanium 
concentrations enhancing the separation of chemical types. 
The resulting variation diagrams are shown in Figure 8. 
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Zr ppm 
Sr 
Rb 
Zll 
Cu 
Ba 
Nb 
Ni 
Cr 
v 
Y 

Sample # 

SiOl % 
TiOz 
A1203 
Fe203 
FeO 
MnO 
Mi30 
CaO 
NalO 
K2 0 
p?os 
LO1 
Total 

Table 5: Whole-rock geochemistry of selected samples. DL36 and DL37: q p e  1 - Picritic pillow lavas; 25 and 
47: Q p e  2 - Olivine-phyric Rows; 26 and PL20: Q p e  3 - Aphyric flows; 143 and 145: Type 4 - Aphyric Rows 
from Lower Pillow Lavas; * Total iron determined as Fe203; - = not detected; nd = not determined. 

DL36 DL37 25 47 26 PL20 143 145 

39.30 36.40 47.74 48.79 57.49 54.60 48.99 5 1.43 
0.14 0.52 0.68 0.84 0.38 1.34 1.54 

3.67 3.48 14.3 1 14.69 15.9 1 14.60 16.12 16.88 
2.7 1 3.22 "7.94 *8.30 "8.65 5.48 e12.68 * 13.54 
4.57 4.44 n.d. n.d. 11.d. 3.12 n.d. n.d. 
0.1 I 0.12 n.d. n.d. n.d. 0.10 n.d. n.d. 

35.90 34.35 8.87 6.73 4.26 5.33 6.00 5.76 
4.00 8.77 15.30 16.86 7.58 9.94 9.27 6.15 
0.08 0.28 0.48 1.80 2.47 1.05 0.62 2.73 
0.04 0.08 3.97 1.30 1.71 0.43 3.78 1.16 

0.02 0.03 0.06 0.18 0.15 
9.05 8.6 1 13.62 7.08 5.10 4.7 1 15.79 6.74 

99.43 99.89 99.16 99.19 98.97 99.74 98.98 99.34 

The compositional types can be distinguished on most of Cr and Ni that occur in the picritic rocks reflect the abundance 
these diagrams, primarily because of differences in their tita- of these phases. The Lower Pillow Lavas (type 4) and some 
nium contents. massive aphyric flows from the Upper Pillow Lava sequence 

Not surprisingly, plots of the HFS elements ~panicularly in the ~ a r i  area are clearly distinguished by significantly 

Zr, V, and Y vs. Ti), ~rovide the most marked discrimina- lower of Cr and Ni. 
. . ,. 

tion. The picritic samples (type 1) invariably plot in a very Compositional types 2 and 3 have higher VlTi and YRi 
restricted field and contain the lowest observed values of all than the Lavas. Such differences be 
the incompatible elements. Samples from the L~~~~ pillow explained readily by fractional crystallization processes and, 

Lavas in the Margi area are plotted for comparison (type 4). with differences in phase relations and major element com- 
The Lower Pillow Lavas are clearlv enriched in these ele- positions, SuPPort the argument that the Upper and Lower 

ments. Pillow Lavas in the Margi area were derived from two dis- 
~ - -  ~ 

Rubidium and strontium contents are highly variable within 
all samples analyzed, supporting the conclusion that these 
elements were easily mobilized during low temperature al- 
teration. Copper and, to a much lesser extent, zinc proba- 
bly behaved similarly as both are mobile in aqueous solution 
(Rose et al., 1979). However samples that appear the least 

tinct parental magmas. Thus, in summaly, four compositional 
types can be distinguished on trace element diagrams. These 
include three Upper Pillow Lava compositions and a Lower 
Pillow Lava composition. The HFSE are the most useful for 
delineating these types, and ratios of pairs of these elements 
suggest the existence of two distinct magmatic suites. 

altered petrographically contain the highest copper contents 
(approximately 60ppm). Such evidence suggests that dur- 
ing low temperature alteration, zinc was less mobile, whereas 

Glass and 'fresh' lava compositions 

copper was readily leached from n~uch of the extrusive se- Even when it is possible to distinguish geochedical groups 
quence. ~o tab ly ,  the massive sulphide deposits found within ,sing the major and trace element contents of whole rocks, 
the extrusive sequence are relatively rich in copper and poor the limits of an approach must be remembered: 
in zinc. 

Chromium and nickel can be considered' compatible ele- (a) Although this study attempts to 'look through' the af- 
rnents in these rocks, being preferentially incol-porated into fects of alteration by the use of 'immobile' elements, i t  
spinel and olivine, respectively. The high concentrations of is unlikely that the concentration of any element remains 
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Figure 7: Variation diagrams of whole·rock major element oxide concentration including the field of Margi glasses. 
• = type 1 lavas; 6 = type 2 and type 3 lavas; 6 = type 4 lavas. 



D.C. Bailey, G.S. Langclon, .I. Malpas, and P.T. Robillso11 

TI (pprn) 9000 3000 TI (pprn) 

3000 TI (pprn) 3000 TI (ppm) gwo 

30W Ti (pprn) gOOO 3000 Ti (pprn) 9000 

4 , , , , , , . , 
3000 Ti (ppm) 3000 (ppm) 9000 

A A A  A  ," r eoo A 

Figure 8: Variation diagrams of whole-rock trace element concentratio~ls. Symbols as Figure 7. 
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Si02 % 
A12O3 
Ti02 
FeO* 
MgO 
CaO 
Na2O 
K2 0 
p205 
Total 

Sample # 

Table 6:  Representative glass analyses. * = total iron 
as FeO. 

5 32 46 6 1 127 

completely unaffected, for even if it itself is not mobi- 
lized, the addition or removal of other elements indirectly 
affects the net concentration of those remaining. 

(b) The samples analyzed vary markedly in degree and style 
of alteration, and this undoubtedly increases the scatter 
of whole-rock compositions as the intensity and even 
direction of an element's mobility changes with slight 
changes in alteration conditions. 

(c) Finally, there are chemical variations due to post- 
extrusion processes such as crystal settling and flow dif- 
ferentiation. All contribute to the overall variability of 
whole-rock compositions and make it more difficult to 
define the primary chemical characteristics due to sub- 
surface processes of magma generation and evolution. 

These problems can, in part, be avoided by examining the 
geochemistry of glass and 'unaltered' aphyric to microphyric 
lavas, which can be argued to represent liquid compositions 
(Table 6). In the present study the selection of the freshest 
lavas was based upon petrographic examination, but it should 
be noted that even the freshest contain abundant smectite. 

Major element compositions of glass, analyzed by elec- 
tron microprobe, and fresh lava compositions are plotted on 
Figure 9 and compared to the two major compositional fields 
defined by Robinson et al. (1983) for the Troodos extrusives 
as a whole. Robinson et al. (op cit) used the terms 'arc 
tholeiite' suite for glasses with relatively low-Mg, high-Ti, 
and high-Fe, and 'depleted' suite for glasses with high-Mg, 
low-Ti, and low-Fe. Langdon (1982) compared the latter to 
komatiites. In Figure 9, continuous trends from the most 
Mg-rich pillow to the Mg-poor glass occur, with the notable 
exception of the K20-MgO plot. Anomalously high K 2 0  con- 
tents are explained by the presence of potassium-rich smec- 
tites. 

PETROGENESIS 

The analyzed glasses from the Margi area are all from the Up- 
per Pillow Lavas and are clearly part of the high-Mg, depleted 

suite. However, analyses of associated fresh lavas show that 
the evolutionary path included compositions much more prim- 
itive than those sampled by the glasses. Figure 9 suggests that 
the separation of the samples into smaller geochemical groups 
is not feasible. Tlie glass analyses alone, however, show that 
a division can be based on Ti02 and Na20 contents that cor- 
respond to distinct stratigraphic levels in the extrusive pile 
(Figure 10). The higher-Ti02 and higher-Na20 analyses be- 
long to rocks of the lower stratigraphic sequence of the Upper 
Pillow Lavas, whereas the lower-Ti02 and lower-Na20 anal- 
yses belong dominantly to the upper sequence and, locally, to 
the upper part of the lower sequence. 

Similar stratigraphic discrimination occurs on diagrams us- 
ing the HFS elements (Figure 10). Tlie most incompatible 
element-depleted rocks appear to come from the highest part 
of the stratigraphic section. Ratios between pairs of incom- 
patible trace elements differ between the lower and upper 
sequences of the Upper Pillow Lavas, with the most marked 
difference occurring in Ti/V ratios (Figure I I). This suggests 
the presence of two somewhat different parental magma com- 
positions, although this conclusion is based on a restricted 
amount of data. Taylor (1990) noted the same feature and 
concluded that each volcanic unit within the section corre- 
sponded to a discrete batch of liquid that could not be re- 
lated to other units by high-level clystal fractionation. The 
general up-sequence depletion in the HFS elements implies 
that these liquids represent either successively higher degrees 
of partial melting, fusion of heterogeneously depleted man- 
tle, or possibly a progressive remelting of a discrete source. 
This supports the model developed elsewhere (Malpas and 
Langdon, 1984) which suggests that an open-system magma 
chamber, periodically injected with new magma, supplied the 
extrusive sequence. These magmas, magnesian quartz tholei- 
ites, differ fundamentally in their extreme depletion of HFS 
elements from the tholeiitic picrites. The latter have been pro- 
posed as the primary magmas for high-A1203 oceanic olivine 
tholeiites (O'Hara, 1968) which are derived by about 30% 
partial melting of mantle Iherzolite. Such magnesian quartz 
tholeiites, derived by a second stage or advanced melting pro- 
cess (i.e. heterogeneous mantle), can be treated as primaly 
liquids from which the distinctive magma series identified in 
the Margi area can be produced by low pressure fractionation. 
Langdon (1982) and Bailey (1984) have shown that these pri- 
mary magmas were derived by very small amounts of mantle 
partial melting (5%)  and that the less primitive rocks of the 
Upper Pillow Lavas, the olivine and aphyric basalts, resulted 
from fractionation of up to 24-32% olivine from the parental 
magmas. This early high temperature precipitation of olivine 
led to its accumulation at the bottom of high level magma 
chambers. The crystal/liquid mush formed in this manner 
is represented by the 'ultramafic' pillow lavas of the Margi 
area, which, since they appear toward the top of the volcanic 
succession, represent advanced tapping of individual magma 
chambers (Malpas and Langdon, 1984). Post-extrusion set- 
tling of olivine crystals also occurred in the thick massive 
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Figure 9: Variation diagrams o f  glass and 'fresh' lava major element oxide concentrations. * = Extrusive glass 
samples; A = Fresh lava samples. 
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flows and gave rise to their zoned nature with olivine-rich olivine and from each other by the reIative abundance of 
bases. Indeed the zonation of these flows produced after ex- olivine phenocrysts. Extrusive rocks in both sequences are 
trusion likely mimics a similar zonation in some sliallow level strongly depleted in incolnpatible elements and are relatively 
magma chambers. rich in MgO. This is characteristic of the 'depleted' suite de- 

fined by Robitison et al. (1983). Tlie upper sequence is gen- 

SUMMARY erally even more depleted than tlie lower, except for a series 
of glassy flows at tlie boundary between the two, which are 

Petrographic phase relations, together with major and trace 
element chemistry, suggest the division of the extrusive se- 
quence in the Margi area into two major suites. Only here do 
these two suites correspond to the classic division of 'Lower' 
and 'Upper' Pillow Lavas (Gass, 1958). The classic Lower 
Pillow Lavas are distinguished from overlying rocks by the 
absence of olivine and the presence of plagioclase microplie- 
nocrysts. Rocks of this suite are relatively enriched in Fe, Ti, 
and the incompatible trace elements, and have been likened 
to an 'arc-tlioleiite' suite (Robinson et al., 1983). 

The Upper Pillow Lavas are divisible into two stratigraphic 
sequences, a lower and an upper sequence. Both are distin- 
guished from the Lower Pillow Lavas by the presence of 

geochemicnlly part of tlie upper sequence while being more 
like the lower sequence petrographically. These relationships 
are depicted in Figure 12. 

Tlie ultramafic lavas from tlie Margi area of Cyprus owe 
tlieir character to the presence of up to 65  nodal percent 
olivine. The majority of the rocks were fonned by post- 
extrusive gravitational settling of olivine phenocrysts in thick 
flows. Those that formed picritic pillow lavas lirtd clearly 
unde14gone crystal accumulation in sl~allow magma chambers 
(Malpas and Langdon, 1984) and were extruded as a crystal 
mush during advanced tapping of these chambers. Tlie abun- 
dance, size, composition, and clefolmation of the large olivine 
phenocrysts in these lavas is consistent with their intratelluric 
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Figure 11: Variation in Ti/V ratio with stratigraphic height. Bars on lert of diagram represent mcnn Ti/V ratios 
(& 1 S.D) of the sample populatio~ls. 
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Abstract 

A primary melt composition for ultramafic lavas of the Margi area of the Troodos ophiolite has been estimated 
from the petrography and mineralogy of the flows and a study of primary melt inclusions trapped in olivine and 
clinopyroxene crystals. This melt is essentially a water-bearing komatiite with about 21 wt.% MgO and 1.2 wt.% 
H20. Fractionation of this melt over a temperature range between 1420°C and 1090°C produced a series of 
depleted basalts, basaltic andesites, and picrites. This water-bearing komatiite melt represents a previously 
unrecognized type of ultramafic magma presumably formed by hydrous melting of depleted mantle material. 
The most probable environment of formation for such a melt is in the upper mantle, above a subduction zone. 

D'aprks 1'Ctude p6trographique et minCralogique des coultes de laves ultramafiques et celle des inclusions 
de fusions primaires retenues dans les crystaux d'olivine et de clinopyrexkne, i l  a Cti possible d'estimer une 
composition des laves ultramafiques de I'ophiolite de  Troodos dans la rkgion de Margi rksulte d'une fusion 
primaire. Cette fusion est surtout composte d'une komatiite porteuse d'eau avec environ 21% de tm de MgO 
et 1,2% d'eau H20.  Le fractionnement de cette fusion B une temperature variant entre 1420°C et 1090°C a 
produit des dr ies  de basaltes appauvris, des andbites basaltiques et des picrites. Cette fusion de  komatiite 
porteuse d'eau repr6sente un type du magma ultramafique nonidentifik auparavant et qui aurait CtC probablement 
form6 par la fusion aquatique du materiel mantellique appauvri. Le milieu le plus propice pour. la fo~mation 
d'une telle fusion serait le manteau supCrieur au-dessus d'une zone de subduction. 
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INTRODUCTION 

Knowledge of the conditions under which ultramafic melts 
osiginate and evolve is of the utmost impostance in under- 
standing the petrology and geochemistry of the mantle. Gen- 
eration of ultramafic melts in the mantle requires very high 
temperatures and/or high volatile pressures (Sobolev, 1976). 
Most ultramafic lavas investigated to date appear to be pi- 
crites formed by settling and accumulation of olivine during 
crystallization of no~mal basaltic magma. Precambrian ko- 
matiites with spinifex textures are the most convincing ex- 
amples of ultramafic liquids (Amdt and Nisbet, 1982). The 
only ultramafic melts of Phanerozoic age identified thus far 
are meimechites from Siberia (Sobolev and Slutsky, 1984) 
and komatiites from Gorgona Island (Aitken and Echevesria, 
1984). Cameron and Nisbet (1982). suggested that some of 
the ultramafic lavas of Troodos (Gass, 1958) might be similar 
to komatiites. 

The general geology of Troodos has been well described 
(e.g. see Gass, 1980). The massif is late Cretacious in age 
and consists, from the base upward, of tectonized harzbur- 
gite, layered intrusive rocks such as dunite, wehrlite, pyrox- 
enite, and gabbro, homogeneous gabbro, sheeted dykes and 
extrusive rocks. Three distinct lava suites have been rec- 
ognized in the extrusive sequence (Robinson et al., 1983; 
Schmincke et al., 1983; Mehegan, 1988): a relatively enriched 
sequence of andesites, dacites and rhyodacites that correspond 
approximately to the former Lower Pillow Lavas, a more de- 
pleted, basalt-basaltic andesite suite which corresponds ap- 
proximately with the former Upper Pillow Lavas, and a 
highly depleted basaltic suite associated with the Arakapas 
Fault Zone (McCulloch and Cameron, 1983; Cameron, 1985). 
Numerous authors have suggested that Troodos formed in 
a Cretacious subduction zone environment because of the 
abundance of intermediate and silicic rocks, the presence of 
boninites, and the isotopic character of the lavas (Miyashiro, 
1973; Pearce, 1975; McCulloch and Cameron, 1983; Robin- 
son et al., 1983). An altenlate model, put forward by Duncan 
and Green (1980), suggests that the Troodos lavas formed by 
second-stage melting at a mid-ocean ridge. Both models call 
for derivation from residual mantle, either by hydrous melt- 
ing above a subduction zone or anhydrous melting beneath a 
~n id-ocean ridge. 

The ultramafic lavas of the Margi area of Troodos oc- 
cur as pillows, massive flows and sills (Gass, 1958; Searle 
and Vokes, 1969; Malpas and Langdon, 1984; Bailey, 1984; 
Mehegan, 1988). Olivine phenocrysts commonly comprise 
as much as 60 modal percent and form subhedral crystals 
up to 20mm across. Searle and Vokes (1969) suggested that 
the olivine had crystallized irz sit14 from ultramafic liquids, 
whereas Gass (1958) and Cameron and Nisbet (1982) sug- 
gested that much of the olivine is xenocrystic. More recent 
studies of these rocks have shown that they owe their ul- 
tramafic compositions to accumulation of olivine, either af- 
ter eruption on to the seafloor, or in shallow level magma 

chambers before eruption (Malpas and Langdon, 1984; Bai- 
ley, 1984). 

Little infolmation is available on the primary melts from 
which these lavas formed or the conditions under which they 
evolved. In this article we attempt to determine quantita- 
tively, by a study of the phenocryst phases and particularly 
their melt inclusions, the composition and conditions of crys- 
tallization of the primary magma from which these ultramafic 
lavas were derived. Some of the results of this work were 
published previously by Sobolev and Naumov (1985) and 
Sobolev et al. (1986). 

PETROGRAPHY 

The volcanic rocks of Troodos ophiolite range in composition 
from ultramafic to silicic (Figure I). Two samples of ultra- 
mafic lavas (Table !), both from the Margi area on the north 

Table 1: Compositions of investigated ultramafic lavas 
of the Margi area. Wet chemical analyses. n.d. = not 
determined. 

Sample 

SiOz 
Ti02 
A1203 
Fez03 
FeO 
M nO 
MgO 
CaO 
Na20 
K2O 
p?os 
co2 
Hz0 
Total 

flank of Troodos, were selected for detailed study. Sample 
CY-1 is a coarsely porphyritic picrite, containing about 60 
modal percent of olivine. The olivine crystals are subhedral 
to euhedral and up to 20mm in diameter. They are set in 
a poorly crystallized, quenched groundmass containing some 
fresh glass. Small crystals of chrome spinel occur as inclu- 
sions in the olivine phenocrysts and as microphenocrysts in 
the groundmass. Some of the glass is weakly palagonitized 
and the olivine is locally altered along cracks. Sample CY-2 
is a somewhat less physic rock, containing two distinct phe- 
nocryst assemblages which are distinguished on the basis of 
size. The first assemblage contains about 40 modal percent 
phenocrysts, chiefly olivine. The olivine occurs in subhedral 
crystals from 1-5 mm across, which are commonly rimmed 
by clinopyroxene. A few grains of pale green clinopyrox- 
ene and chromite are associated with the olivine. The sec- 
ond assemblage consists of microphenocrysts of pale-green 
clinopyroxene and plagioclase that are about 0.5-1 mm across. 
The very fine-grained groundmass (0.05-0.2 mm) consists of 
brown clinopyroxene, bronzite, plagioclase, titanomagnetite 

CY-I CY-2 

43.60 45.70 
0.17 0.32 
5.30 7.75 
0.56 2.2 I 
8.05 7.10 
0.10 0.12 

35.28 26.28 
3.6 1 6.02 
0.37 0.55 
0.17 0.06 
0.05 n.d. 
0.16 11.d. 

2.79 3.96 
100.16 100.07 
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CaO 
10 

Figure 1: Chemical compositions of volcanic rocks and glasses from the Troodos ophiolite: r = whole-rock lava 
and dyke compositions (Pantazis, 1980); A = sample CY-I, this study; A = sample CY-2, this study. Dotted lines 
enclose fields of volcanic glass compositions (Robinson et al., 1983). 
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Fo% mol. 

Figure 2: Histograms showing the forstesite content 
of olivines in the ultramafic lavas of the Margi area, 
Troodos: (A) olivine phenocrysts, sample CY-I; (B) 
olivine phenocrysts, sample CY-2; (C) olivine micro- 
lites, sample CY-I . 

and small amounts of interstitial glass. Some of the olivine 
and the glass is slightly altered. 

MINERALOGY 

Mineral and glass compositions were determined with a 
Camebax Microbeam electron microprobe operating at a volt- 
age of 15 kv and a beam current of 50x  amps. A beam 
diameter of 2pm was used for mineral analyses, whereas a 
diameter of 5-20 pm was used for glass analyses. Standards 
used included high magnesian olivine CH-1, pure diopside 
BD, orthoclase 19511, glass VG-2 and F-apatite (Lavrentiev 
et al., 1974; Jarosewich et al., 1979). 

Olivine phenocrysts range in composition from F o $ ~  to F0q3 
(Figure 2, Table 2) and are distinctly more magnesian than 
olivines in mid-ocean ridge basalts. Despite the wide com- 
positional range of olivine phenocrysts in a given sample, 
individual grains are unzoned, a phenomenon previously de- 
scribed for Siberian meimechites (Sobolev and Slutsky, 1984). 
These relationships are believed to reflect crystal-liquid dise- 
quilibrium resulting from uprise and mixing of magma. Sig- 
nificant differences in olivine composition exist between the 
two samples studied (Figure 2), and these probably reflect 
different degrees of fractionation of the parental magma. 
Except for having slightly lower Ni contents, these olivines 

Figure 3: Compositio~ls of olivine phenocrysts from 
ultramafic lavas of the Margi area, Troodos. rn = sam- 
ple CY-I; + = sample CY-2. Solid line encloses com- 
positional field of olivine from komatiites (Cameron 
and Nisbet, 1982). Dashed line encloses compositional 
field of olivine from MORB (Schilling, in press). 

compare very closely to those of komatiites (Cameron and 
Nisbet, 1982; Sobolev and Slutsky, 1984) (Figure 3). 

Groundmass olivine from sample CY- I consists of skeletal 
microlites. These crystals are somewhat zoned and range in 
composition from Fos8 to F o ~ ~  (Table 3; Figure 2). 

Chrome spinel occurs both as small euhedral phenocrysts 
and as inclusions in olivine and clinopyroxene phenocrysts. 
These opaque grains are intermediate in composition be- 
tween chrome spinels from mid-ocean ridge basalts and from 
boninites (Table 2; Figure 4). They resemble chrome spinels 
from Precambrian komatiites and from the ultramafic layered 
series of the Troodos ophiolite. Significant differences in Cr 
and Mg were noted for chrome spinels from different sam- 
ples. Chrome spinel inclusions in clinopyroxene have lower 
Cr and Mg contents than those in olivine. 

Clinopyroxene occurs in the groundmass of all samples and 
as phenocrysts in sample CY-2. All of the analyzed phe- 
nocrysts are chrome diopside (Table 2). In sample CY-2, 
the groundmass grains are Al-augite, somewhat enriched in 
Ti, whereas in sample CY-1 they are high-alumina, subcalcic 
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Sample 
Mineral 

CY-I CY-I CY-2 CY-I CY-I CY -2 CY-2 CY-2 CY-2 
01 01 01 SP SP SP CPX CPX CPX CY-2 PI I 

Si02 
Ti02 
A1203 
Fe203* 
FeO 
MnO 
MgO 
CaO 
Na20 
Cr203 
NiO 

Total 

Table 2: Representative analyses of phenocrysts from Cyprus ultramafic lavas. All are phenocrysts except numbers 
9 and 10 which are microphenocrysts of the second generation (see text). 01 = olivine; Sp = spinel; Cpx = clinopy- 
roxene, PI = plagioclase; Mg# = M ~ / M ~ + F ~ + ~ ;  * Fe203 is calculated from stoichiometry of spinel; ** An 
content of plagioclase. 

Sample 
Mineral 

- - - - 

I 2 3 4 5 6 7 8 
CY-I CY-I CY-I CY-2 CY-2 CY-2 CY-2 CY-2 
01 CPX GI CPX OPX OPX PI MI 

Si02 
Ti02 
A1203 
F ~ O ~  
FeO 
MnO 
MgO 
CaO 
Na20 
K 2 0  

0 2 0 3  
NiO 

Total 

Table 3: Representative microprobe analyses of groundmass minerals from lavas of the Margi area. (1 )  average 
of 10 analyses; (2) average of 35 analyses; (3) average of 10 analyses; * calculated from spinel stoichiometry; 
** including 0.95% V205; 01 = olivine; Cpx = clinopyroxene; GI = glass; Opx = orthopyroxene; PI = plagioclase; 
Mt = magnetite. 
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Figure 4: Compositions of spinels from ultramafic 
lavas of the Margi area, Troodos. + = spinel inclu- 
sions in olivine, sample CY-1; = spinel inclusions in 
olivine, sample CY-2; o = spinel incIusions in clinopy- 
roxene, sample CY-2. Dashed line encloses cornposi- 
tional field of spinel from Troodos peridotites (Dick 
and Bullen, 1984); solid line encloses compositional 
field of spinel from komatiites (Cameron and Nisbet, 
1982); dot-dash line encloses compositional field of 
spinel from boninites (Cameron et al., 1980); dotted 
line encloses compositional field of spinel from rnid- 
ocean ridge basalts (Dick and Bullen, 1984). 

augite. The subcalcic augite occurs together with iron-rich 
olivine and glass, an assemblage suggesting disequilibrium 
crystallization of the residual liquid during quenching. 

Plagioclase occurs as microphenocrysts and as a groundmass 
phase in sample CY-2 (Table 2). A few crystals are also 

present as inclusion in clinopyroxene phenocrysts. The crys- 
tals are chiefly bytownite, zoned from about Ansl in the core 
to Anso in the rims. 

Titanomagnetite occurs in the groundmass of sample CY-2 
along with plagioclase, augite and bronzite (Table 3). 

Orthopyroxene (bronzite) forms elongate prisms, up to 
0.5 mm long, in the groundmass of sample CY-2. The mineral 
is relatively uniform in composition but has somewhat vari- 
able iron contents. One bronzite phenocryst with a reaction 
rim of clinopyroxene was noted in sample CY-2. 

Glass fills interstices between skeletal crystals of high- 
alumina clinopyroxene and iron-rich olivine in the ground- 
mass of sample CY-I. This residual glass is dacitic in com- 
position (Table 3). 

MAGMATIC INCLUSIONS 

Several types of inclusions-melt, fluid, or crystal-may 
be trapped in minerals during clystallization. From a study 
of such inclusions it is possible to determine what phases 
were present in the magmatic system and the temperatures 
and pressures at which crystallization occurred. 

Methods 

The techniques used here are described in detail by Basarova 
et al. (1979), Sobolev et al. (1983)' Roedder (1984), Sobolev 
and Slutsky (1984), and Clocchiatti and Massare (1985), and 
thus are only briefly reviewed. 

Small amounts of melt become trapped and isolated within 
a host mineral due to variable rates of crystal growth along 
different c~ystallographic axes. Once trapped within a crystal, 
such inclusions are isolated from the remaining melt and thus 
record the melt composition and the P-T conditions at the 
time of trapping. Primary melt inclusions are normally easy 
to distinguish from secondary inclusions, which occur along 
fractures in the host crystal. 

Natural magmatic systems are polyphase, usually consist- 
ing of melt, fluid and crystals (Figure 5). Single-phase in- 
clusions are designated 'normal' inclusions, whereas those 
containing two or more phases at the time of formation are 
termed 'combined' or 'polyphase.' However, with decreasing 
temperature, most single-phase inclusions become polyphase 
as a result of crystallization or separation of a fluid phase 
(see Figure 6). The most reliable way to determine the initial 
character of an inclusion is by heating under a microscope 
(Figures 6 and 7), although normal and polyphase inclusions 
can usually be distinguished by optical means alone. 

Melt homogenization by heating normally provides reliable 
information on the melt composition and on the temperature 
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Figure 5: Varieties of primary magmatic inclusions in 
minerals from the ultramafic lavas of the Margi area: 
(a) partially crystallized inclusio~l in an olivine phe- 
nocryst, sample CY-I; (b) partially crystallized in- 
clusion in clinopyroxene phenocryst, sample CY-2; 
(c) glassy inclusion in olivine phenocryst, sample CY- 
1; (d) fluid inclusion in olivine phetiocryst, sample 
CY-2; (e) polyphase inclusion in olivine phenocryst, 
sample CY-I; (f) crystalline inclusion in ground- 
mass clinopyroxene grain, sample CY-2. 1 = fluid 
phase; 2 = glass; 3 = clinopyroxene; 4 = amphibole; 
5 = spinel; 6 = plagioclase; 7 = sulphide; 8 = titano- 
magnetite; scale bar = 50 ym. 

Figure 6: Phase transformations in primary magmatic 
inclusions in all olivine phenocryst during heating, 
sample CY-2. 1 = fluid phase; 2 = clinopyroxene; 
3 = melt. Note the cores of the inclusions consist of 
glass (a, b) and melt (c, d, and e). Scale bar = 50 pm. 
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Figure 7: Phase transformations in a primary magmatic 
inclusion in a clinopyroxene phenocryst, sample CY-2. 
I = fluid phase; 2 = amphibole; ' 3 = spinel; 
4 = glass in (a) and (b) and melt in (d) through (g); 
5 = magnetite. Scale bar = 50 Fm. 

of crystallization of various phases. An example of an in-  
clusion in olivine, heated stepwise to its temperature of ho- 
mogenization (1245OC) is sliown in Figure 6. From such an 
experiment, the cooling history of the inclusion can be de- 
duced by observing the changes under a microscope as tlie 
temperature is allowed to drop. In this case, a very small 
degree of cooling led to precipitation of olivine on tlie walls 
of the inclusion, with a resulting decrease in pressure because 
the inclusion has a fixed volume. A similar effect also results 
from the different coefficients of thermal expansion of tlie 
melt and host crystal. Such a decrease in pressure of a melt 
saturated with volatiles leads immediately to the appearance 
of a fluid phase (Figure 6e). As tlie temperature continues to 
drop there is progressive crystallization of the melt, a further 
drop in the pressure inside tlie inclusion, and expansion of 
the fluid phase (Figure 6e to 6a). 

The heating stage is designed so that tlie sample can be 
quenched at any stage in the experiment, thus fixing the 
phases in equilibrium at that temperature. These phases can 
then be analyzed with an k~ectron microprobe. 

Potential problems with this technique involve exchange 
between the inclusion and the host crystal, leakage from the 
inclusion, kinetics of crystal growth (and dissolution), and 
changes in pressure and oxidation state within the inclusion. 
In most cases, these problems can be overcome and usable 
data obtained. The temperature and compositional data are 
considered valid if they can be correlated with independent 
petrological data such as glass compositions, mineral geother- 
mometry, correlations between temperature of crystallization, 
and composition of the host mineral, etc. Our work on basalts 
and ultramafic rocks suggests that temperatures can be men- 
sured to f 20°C and major element compositions to f 5% 
relative (Sobolev, 1983). 

Inclusions in minerals from ultramafic 
lavas of Cyprus 

Microscopic examination of the Troodos lavas Iias revealed 
the presence of four distinct types of inclusions (Figure 5): 

1. Normal, partially crystallized inclusions in olivine and 
clinopyroxene clystals which range from about 20- 
200pm in diameter (Figures 5a and 5b). The inclusions 
in olivine consist of dacitic glass, high-alumina clinopy- 
roxene similar in composition to groundmass clinopy- 
roxene and a fluid phase (Table 4). A few also contain 
minute opaque minerals, perhaps a sulphide. Inclusioris 
in clinopyroxene al-e similar and consist of dacitic glass, 
amphibole, opaques (titanomagnetite?) and a fluid phase 
(Table 4). 

2. Inclusions up to 50pm across in olivine phenocrysts of 
sample CY-I which consist of glass and a fluid phase 
(Figure 5c). 
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1 phase 1 ~ p x  G I  ~ m p h  GI I 
Sample 730°C Melting begins and numerous small bubbles coalesce 

to form a single large bubble. 
CY-I CY-2 

Si02 
Ti02 
A1203 
FeO 
MgO 
CaO 
NazO 
K20 

Total 

Table 4: Representative analyses of phases in the 
melt inclusions in phenocrysts of ultramafic lavas. 
Cpx = clinopyroxene; GI = glass; Amph = amphibole. 
Inclusions from Sample CY-1 are in olivine, those from 
CY-2 are in clinopyroxene. 

3. Low density fluid inclusions up to 1OOprn across which 
have a negative crystal shape corresponding to that of 
the host mineral (Figure 5d). 

4. Small crystalline inclusions such as chromite in olivine 
and clinopyroxene, olivine in clinopyroxene, or plagio- 
clase in clinopyroxene microphenocrysts (Figure 50. In- 
clusions of titanomagnetite are also common in clinopy- 
roxene, plagioclase and orthopyroxene groundmass crys- 
tals of sample CY-2. A number of polyphase inclusions 
such as chromite + melt, melt + fluid, etc. are also present 
(Figure 5e). 

Heating Experiments 

Primary melt inclusions from the Troodos lavas were homog- 
enized in a specially cleaned helium atmosphere, using a high 
temperature heating stage developed at the Vernadsky Insti- 
tute (Sobolev et al., 1980). The extremely low thermal inertia 
of the heater permits quenching of the sample in the work- 
ing environment simply by switching off the power. After 
homogenization and quenching, the samples were analyzed 
with an electron microprobe (Table 5). The most magnesian 
melt composition has about 20wt.% MgO (Table 5) and is 
taken as the probable primary magma from which the picritic 
lavas formed. 

Disassociation of water during heating may lead to hy- 
drogen diffusion from inclusions, resulting in erroneously 
high homogenization temperatures (Roedder, 1984; Sobolev 
et al., 1983). This effect is most pronounced for inclusions 
produced from hydrous ultramafic and basaltic magmas such 
as those of the Troodos ophiolite. Thus, the duration of heat- 
ing at temperatures greater than 1000°C was limited to 15 
minutes. 

Heating of an inclusion in olivine produces the following 
phase transformation (Figures 6a to 6e): 

950°C The glass is completely melted and clinopyroxene be- 
gins to melt. 

1120-1150°C The clinopyroxene is completely melted. 

1200-1420°C The inclusion is completely homogenized. 

A similar sequence occurs for heating of an inclusion in 
clinopyroxene (Figures 7a-7j): 

500-600°C The glass begins to soften. 

650-700°C Melting occurs along the boundary between am- 
phibole and glass. 

1000-1020°C The amphibole is completely melted, as is 
most of the ore mineral. 

1090-1160°C The inclusion is completely homogenized. 

Precise measurements of increases in fluid phase volume 
after explosion of the inclusions during heating show that the 
fluid pressures during crystallization of the host minerals were 
in excess of 0.2-0.3 x lo5 kPa. 

An indication of the precision of the temperature measure- 
ments is shown in Figure 8, in which the temperature of ho- 
mogenization of the inclusions is plotted against the melt com- 
positions. The melt compositions change in a regular fashion 
with temperature and the composition of the host mineral. 
Crystallization took place over a temperature range between 
1420-1090°C and the melt composition changed from ultra- 
mafic to andesitic. These data are compatible with fractional 
crystallization of the primary magma. 

Melt Compositions 

The melt compositions determined from inclusions corre- 
spond closely with the bulk rock and glass compositions of 
the Upper Pillow Lavas of Troodos (Table 5; Figure 9). In a 
few sadples, the iron content of the melt inclusions is lower 
than bulk rock and glass compositions. This is believed to be 
due to the crystallization of magnetite in the inclusions during 
heating (Figure 70. The formation of magnetite probably re- 
flects self-oxidation of the melt due to decomposition of H20  
and diffusion of H2 through the host mineral (Sobolev, 1984). 

In Figure 10 the homogenization temperatures of the inclu- 
sions are plotted against equilibrium crystallization temper- 
atures calculated from melt and host mineral compositions, 
using the data of Ford et al. (1983), and Nielsen and Drake 
(1970). For dry magmas, such as those of mid-ocean ridge 
and ocean island basalts, the two temperatures are essentially 
the same. However, for hydrous melts such as those of Troo- 

600°C Small bubbles appear in the glass, indicating that the dos, the calculated temperatures are always higher than mea- 
glass is becoming soft. sured homogenization temperatures. 
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l'(l10m) 

Si02 
Ti02 
A1203 
FeO* 
MnO 
MgO 
CaO 
Na20 
KzO 
pzo5 1 Total 1 9 8 . 6 0  99.19 98.20 98.1 1 97.57 98.45 97.14 96.64 99.82 98.4 1 

Table 5: Representative microprobe analyses of experimentally homogenized melt inclusions and host minerals 
from ultramafic lavas of the Margi area. Samples 1-6: host mineral is olivine (samples 1-3 are CY-I), (samples 
4-6 are CY-2); samples 7-10: host mineral is clinopyroxene (sample CY-2). * Total iron. ** Magnesium number 
of host mineral. T(hom) = homogenization temperature ( O C ) .  

Mg No.** 

Water Content 

0.93 0.92 0.92 0.90 0.89 0.89 0.90 0.88 0.8 1 0.82 

Using the method of Naumov (1979), we attempted to de- 
termine quantitatively the composition and percent of fluid 
in the primary melt from which the Troodos lavas were de- 
rived. A very flat and thin melt inclusion in the most mag- 
nesian olivine crystal ( F o ~ ~ )  was quenched after heating for 
one hour at 950°C (Figure 11). The quenched inclusion con- 
sists of alumina-rich clinopyroxene (30% by volume), dacitic 
glass (50% by volume), and a fluid phase (20% by volume). 
A clearly defined phase boundary is visible at the edge of the 
fluid cavity. This phase boundary disappears at a temperature 
of 321°C, thus indicating that the fluid is nearly pure water. A 
very low salinity is indicated by a freezing point of -0.6OC. 
Using P-T-V data of Vukalovich (1967), a pressure of about 
0.36 x lo5 kPa was calculated for the quenching temperature 
(950°C). A water content of 2.3 wt.% (Table 6 )  was estimated 
for the residual glass in the inclusion, using the methods of 
Buinham (1983) and Nicolls (1980), (Table 6). The partial 
water pressure estimated from the data of Burnham (1983) 
was close to 0.3-0.4kPa. 

SUMMARY AND DISCUSSION 

The data presented in this paper suggest that the most magne- 
sium olivine in the lavas of the Margi area (Fog3) crystallized 
from a new type of komatiitic melt with about 21 wt.% MgO 
and 1.2 wt% H20. Fractionation of this melt over a tempera- 
ture interval between about 1420-1 090°C produced the range 
of compositions observed in the Upper Pillow Lavas of the 
Margi area. Thus, this melt is considered to represent the 
primary magma from which these lavas were derived. It dif- 
fers from Precambrian komatiites (Green et al., 1975) and 
Siberian meimechites (Sobolev and Slutsky, 1984) primarily 
in its hydrous nature. Such a magma could be produced by 

Table 6: Estimate of Hz0 content in primary kolnatiitic 
melt of the ultramafic lavas of the Margi area. (I), (2) 
compositions of clinopyroxene and glass, respectively, 
in inclusion (Figure I I )  in olivine (FOY~), ~ccalculated 
to 100%; (3) composition of fluid phase in same in- 
clusion; (4) calculated total composition of inclusion 
using estimated composition of clinopyroxene (30% 
volume), glass (50% volume) and fluid (20% volume); 
(5) olivine composition (SiOz, FeO, MgO) calculated 
from primary melt composition of Troodos ultramafic 
lavas; (6) calculated primary composition of the in- 
clusion before crystallization of olivine (analysis 5) on 
the walls of the cavity; (7) primary melt for Cyprus 
ultramafic magmas (average from analyses 1 and 2, 
Table 5); p calculated densities (g/cm3). 

Sample 

Si02 
Ti02 
A120n 
FeO 
MgO 
CaO 
Na20 
KzO 
H z 0  

Total 

P 

melting of depleted mantle material under the influence of 
a water-bearing fluid or melt. Thus, our data support the 
interpretation that the Upper Pillow Lavas of Troodos were 
formed in a supra-subduction zone environment, as suggested 
by the glass compositions (Robinson et al., 1983; Rauten- 
schlein et al., 1985) and the whole-rock, isotopic, and REE 
compositions (McCulloch and Cameron, 1983). 

1 2 3 4 5 6 7 

45.84 64.85 0.00 55.85 40.31 49.89 49.86 
0.85 0.28 0.00 0.54 0.00 0.33 0.33 

11.97 19.93 0.00 16.20 0.00 9.97 10.12 
8.74 1.48 0.00 4.76 12.80 7.85 7.85 
9.68 0.17 0.00 4.48 46.89 20.78 20.78 

22.92 7.98 0.00 14.70 0.00 9.05 8.71 
0.00 2.63 0.00 1.42 0.00 0.87 0.97 
0.00 0.34 0.00 0.18 0.00 0.1 I 0.1 1 
0.00 2.34 100.00 1.87 0.00 1.15 n.d. 

100.00 100.00 100.00 100.20 100.00 100.00 98.90 

3.24 2.32 0.07 - - - - 
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SiO, 

50 

Figure 8: Correlation between homogenization tem- 
peratures T(hom) and compositions of melt inclu- 
sions in olivine (0) and clinopyroxene (0). Also 
shown is correlation between T(hom) and Mg num- 
ber (Mg = 100 Mg /Mg + Fe) of the host mineral for 
olivine (0) and clinopyroxene (0) .  Fields I-IV show 
the liquidus phase assemblages present at different tem- 
peratures. I = olivine + Cr-spinel; I1 = clinopyrox- 
ene f plagioclase; I11 = clinopyroxene + plagioclase; 
IV = clinopyroxene + plagioclase + orthopyroxene + 
titanomagnetite. 

Figure 9: Compositional va~iations of homogenized 
melt inclusions in phenocrysts of ultramafic lavas of 
the Magi area, Troodos. Solid lines show whole-rock 
compositional range of Troodos lavas and dykes (Pan- 
tazis, 1980; Searle and Vokes, 1969); dotted lines en- 
close fields of volcanic glass compositions of Troodos 
(Robinson et al., 1983). o = homogenized melt inclu- 
sions in clinopyroxene; = homogenized melt inclu- 
sions in olivine; = mean compositions of Troodos 
ultramafic lavas (Searle and Vokes, 1969); A = com- 
position of sample CY-I; A = composition of sample 
CY-2. 
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Figure 10: Correlation between homogenization tem- 
peratures of melt inclusions T(hom) and calculated 
temperatures of equilibrium between melt and host 
mineral T(calc). o = homogenized melt inclusions in 
clinopyroxene; = homogenized melt inclusions in 
olivine. Ruled area encloses temperature data from 
mid-ocean ridge tholeiites and ocean island basalts. 

Figure 11: A flat magmatic inclusion in an olivine phe- 
nocryst, sample CY-I: a = general view at T = 950°C; 
b = detailed view of the same inclusion at room tem- 
perature after quenching. 1 = melt; 2 = clinopyrox- 
ene; 3 = fluid; 4 = Hz0 liquid; 5 = Hz0 vapor; scale 
bar = 100 ym. 
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Abstract 

Drillholes CY- I and CY-IA provide a section of approximately 1,200m into the Troodos ophiolite from the 
sedimentllava intel-face. On the basis of the physical properties measured, the section can be divided into three 
units with a transition zone between the upper and middle units from 165 m to 260 m, and a sharp fault-bounded 
contact between the middle and lower units at 750 m. These three units correlule with zones of low temperature 
sea floor weathering, zeolite facies, and greenschist facies metamorphism, The zone between the upper and 
middle units is characterized by an increase in porosity, conductivity, NRM intensity and susceptibility; a 
velocity inversion and a reduction in the rate of change of many of the physical properties with depth. The 
faulted contact between the middle and lower units is characterized by a marked reduction in NRM intensity. 
Qualitatively, variations in physical properties and lithology with depth are comparitble to those observecl 
from geophysical logging of DSDP Drillhole 504B. However, a comparison of laboratory measurements on 
samples from CY- I and CY-IA with similar measurements on DSDP samples shows the Troodos rocks to have 
anomalously low velocities and densities, ano~nalously high porosity and conductivity and high NRM intensity 
and susceptibility. The upper 1 km of the Troodos ophiolite thus provides a poor analogue of the upper 1 km 
of the oceanic crust sampled by tlie DSDP in terms of tlie absolute values of various physical properties. 

Les trous de forage CY-I et CY-IA prCsentent une coupe d'environ 1200m dans I'ophiolite de Troodos B 
I'interface sedimentaire et coul6es de laves. A la lumikre des propriCt6s physiques observees, cette coupe peut 
&tre subdivisCe en trois unit& dont une zone de transition entre les unit& superieures et celle du milieu, de 165 
h 260m, et un contact en faille abrupt entre les unites du milieu et celles inferieure, h 7501n. Ces trois unites 
sont corrCl6es aux zones de degradation B basse temperature du plancher ockanique, au faciCs zeolite, et :I 

un mitamorpl~isme vers le facies schiste vert. La zone situCe entre les unitis superieures et celles du milieu 
est caractCrisCe par une augmentation de la porositC, de la conductivite, de I'intensitC et de la susceptibilit6 
en MNR;  urie inversion de la vitesse et une riduction du taux de changement de plusieurs cles propriCtCs 
physiques avec une augmentation de la profondeur. Le contact en faille sit& entre les unites du milieu et 
celles inferieure est caractkrid par une forte rkduction cle l'intensite en MNR. Qualitativement les changements 
des propriktes physiques et de la lithologie avec la profondeur sont comparables h celles observCes clans la 
description gCophysique du trou de forage 504B de DSDP. Une comparaison des Cchantillons provenant du 
CY-1 et du CY-1A mesurks en laboratoire et ayant les mEmes mesures que les ichantillons du DSDP rCvble 
cependant que les roches de Troodos comportent des anomalies par leur densite et leur vitesse faibles, leur 
hautes porositt5 et conductivitk et leur hautes intensit6 et susceptibilite en MNR. En termes de valeur absolue 
des proprittes physiques, le kilomktre supirieur de l'ophiolite de Troodos prisente ainsi une pauvre analogie 
avec le kilombtre supCrieur de la croQte oceanique prise en Cchantillon par le DSDP. 
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INTRODUCTION 

This paper summarizes and discusses measurements of the 
physical properties of samples from the Cyprus Crustal Study 
Project (CCSP) Drillholes CY- 1 and CY- I A into tlie Troodos 
ophiolite. 

Drillhole CY-1, situated in Akaki Canyon, on the northern 
flank of the Troodos Massif, extends 474.88m into the ex- 
trusive section of the ophiolite from the sediment-lava inter- 
face through a sequence of basaltic pillow lavas and massive 
flows intruded by several dykes. Drillhole CY-1A extends to 
a depth of 701.19m at a site further up Akaki Canyon, at an 
estimated stratigraphic level in the section of 500m, i.e. the 
top is approximately equivalent to the base of CY-1. 

The drillhole penetrates pillow lavas and massive flows 
and an increasing proportion of dykes down the section, ter- 
minating in the 'Basal Group' of the published geological 
maps, the transition between the extrusive section and the 
sheeted dyke complex. Significant amounts of pyrite occur 
sporadically in veins below 250 m. Between 215 and 250 m, 
drilling problems were encountered in CY-lA, as the drill 
string penetrated a fault zone, possibly a listric fault (Varga 
and Moores, 1985) although at this point the northern flank of 
theTroodos is relatively unrotated. Thus by stacking CY-I on 
CY-IA with a gap of approximately 25 m, the two drillholes 
should provide, by analogy, a reference section of approx- 
imately 1,200m through oceanic seismic layers 2A and 2B 
and possibly into layer 2C (Houtz and Ewing, 1976). 

The properties measured were compressional (P) and shear 
(S) wave velocities (Vp and V,), saturated bulk density (p,) 
and grain density (pp), porosity ($), electrical conductivity 
(o), intensity ( J N ~ ~ )  and inclination (INRM) of the remanent 
magnetization, and magnetic susceptibility (x).  In addition 
the following parameters were derived from the above ob- 
servatio~ls: Poisson's ratio, Archie's exponent (m) and the 
Koenigsberger ratio (Q,). 

Laboratory data on the physical properties of rocks are es- 
sential to the interpretation of surface and downhole geophys- 
ical measurements. The Deep Sea Drilling Project (DSDP) 
has sampled layers 2A and 2B extensively but has only re- 
cently sampled layer 2C (Anderson et al. 1982) in Drillhole 
504B. This drilll~ole provided samples from a 1075.5 m sec- 
tion through the extrusive layer into the sheeted dyke com- 
plex. In this paper we discuss the physical properties of rocks 
from CY-I and CY-1A according to lithology and depth in 
the section, and make a preliminary comparison with values 
measured on DSDP samples, in particular from 504B. 

Experimental Procedure 

Samples were taken at approximately 5m intervals down 
CY-I and 10m intervals down the CY-IA drill core, pro- 
viding 142 samples for physical property measurements. The 
measured samples were minicores of 25.4mm diameter and 
10 to 30 mm length. 

NRM intensities and inclinations were measured on a 
Digico Spinner Magnetometer. The measurement of intensity 
is accurate to better than f 5%. The susceptibilities of the 
cores were measured on a commercial susceptibility bridge, 
also accurate to better than f 5%. 

A subset of 119 samples of known length and diameter 
were dried at 80°C under vacuum, weighed, saturated with 
seawater under vacuum and reweighed. Dry and saturated 
bulk densities, grain density and effective (interconnected) 
porosity were then calculated. Dry and saturated bulk densi- 
ties are estimated to be accurate to f 10kgmp3. 

The grain or matrix density is calculated by subtracting the 
mass and volume of the pore fluid and recomputing the den- 
sity. Accurate porosity results are difficult to obtain. Firstly, 
it is difficult to ensure that rocks are completely dried before 
saturation. Secondly, a potentially greater source of error is 
the fact that i t  is difficult to ensure that the rocks are fully sat- 
urated. We estimate that the measured porosities are accurate 
to within -10% of tlie true porosity. Because the porosity is 
underestimated the calculated grain density will also be low. 
The maximum resulting error in the value of grain density will 
be up to - 160 kg m-3, based on a maximum error of 10% in 
the porosity for the most porous sample, but will typically be 
considerably less than this. 

A further subset of 47 samples representing the range of 
textural and mineralogical variations, densities and porosities 
occuiring was selected for seismic velocity and electrical con- 
ductivity measurements. The compressional and shear wave 
velocities and electrical conductivities were determined at a 
range of pressures up to 0.1 GPa at 20°C with the pore space 
vented to the atmosphere, allowing water to drain from mi- 
crocracks as the confining pressure was increased. Seismic 
velocities were measured by a pulse transmission technique 
(Birch, 1960). Conductivities were determined from tlie con- 
ductance of the sample at 1582 Hz measured on a Wayne-Kerr 
conductivity bridge. 

The sample was clamped between two steel transducer 
holders, which act as electrodes for the conductivity mea- 
surements, and isolated from the confining pressure medium, 
in this case oil ('Plexol'), by a PTFE ('Teflon') sleeve. 

P and S-wave velocities are estimated to be accurate to 
k0.04 km s- ' from a consideration of the errors incurred in 
measuring sample dimensions and, more critically, in 'pick- 
ing' the onset of the P or S-wave. Electrical conductivities 
are estimated to be accurate to f 5%. 

RESULTS 

The results of the physical property measurements are sum- 
marized in Table 1 for the three lithological classes identified 
in the drilllioles: pillow lavas, massive flows and dykes. The 
lithological data are based on CCSP core descriptions (Horne 
and Robinson, 1984, 1986), the Lithologic Unit Summary 
(Robinson and Gibson, 1990), and visual inspection of the 
samples. 



G.C. Smith and F.J. Vine 

I Propeny 1 n 1 ~ e a n  / SE / SD / E;; 1 
Pillow Lavas 

Comp. vel. (0.05 GPa)(km s-I) 
Shear vel. (0.05 GPa)(km s-I) 
Poisson's ratio 
Bulk density (kg I I I -~)  

Grain density (kg m-3) 
Porosity (% vol.) 
Elect. cond. (0.05 GPa)(mS m-I) 
Archie's exp. 
NRM intensity (A m-I) 
Inclination of NRM* (degrees) 
Susceptibility S.1. Units) 
Koenigsberger ratio 

Massive Flows 
Comp. vel. (0.05 GPa)(kms-l) 
Sliear vel. (0.05 GPa)(km s-') 
Poisson's ratio 
Bulk density (kg n P 3 )  
Grain density (kgm-3) 
Porosity (% vol.) 
Elect. cond. (0.05 GPa)(mS m-I) 
Archie's exp. 
NRM intensity (A m-I) 
Inclination of NRM* (degrees) 
Susceptibility S.I. Units) 
Koenigsberger ratio 

- 

Dykes 
Comp, veL(0.05 GPa)(km s-I) 
Shear veL(0.05 GPa)(km s-I) 
Poisson's ratio 
Bulk density (kgm-') 
Grain density (kg mU3) 
Porosity (% vol.) 
Elect. cond. (0.05 GPa)(mS m-I) 
Archie's exp. 
NRM intensity (Am-!) 
Inclination of NRM* (degrees) 
Susceptibility S.I. Units) 
Koenigsberger ratio 

Table 1: Physical Properties of Basalts from CCSP 
Drillholes CY-I /1A. * The values given are for the 
modulus of the inclination. 

Density and Porosity 

Figures 1, 2 and 3 show histograms of bulk and grain den- 
sity and porosity for 119 samples by lithology. The bulk 
densities of 55 pillow lava samples range from 2,041 kg m-' 
to 2 , ~ 9 4 k g m - ~  with a mean and standard deviation of indi- 
vidual values of 2,264ik 125 kgm-3. Part of the variation in 
bulk density is due to the very high porosity which ranges 
from 7.5% to 39.0% with a geometric mean of 18.1 %. The 
grain density ranges from 2,205 kgm-3 to 2,917 kgm-3 with 
a mean of 2,558 f 171 kg m-3. 

The bulk densities of 27 samples from the massive 
flows range from 2,002 kgm-3 to 2,697 k g m - h i t h  a 
mean of 2,297 f 123 kgm-3. The grain densities range 
from 2,357kgm-3 to 2 , 9 3 5 k g m - h i t 1 1  a mean of 

"1;- , Mas,sive flows N= 27 

0 

Dykes, N=37 

n 

Figure 1: Histograms of saturated bulk density for each 
major lithology. N is the number o r  samples. Mean 
values arc arrowed. 

.A I Pillow lavas N=55 

1 Massive flows N=27 

Dykes N= 37 

0 

Figure 2: Histograms of grain density for each major 
lithology. N is the number of samples. Mean values 
are anawed. 
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Pillow lavas N =55 

Massive flows N = 27 

Dykes N=37 

Figure 3: Histograms of loglo (percent porosity) for 
each major lithology. N is the number of samples. 
Mean values are arrowed. 

2,594 f 145 kg m-< and porosities range from 7.0% to 33.8% 
with a geometric mean of 17.6%. 

The massive flows have slightly higher mean bulk and grain 
density than the pillow lavas, but a similar mean porosity. 
The dykes are of significantly higher bulk and grain den- 
sity than either the pillow lavas or the massive flows, and 
have a lower although still notably high porosity. The bulk 
densities of 37 samples from dykes range from 2,278 kgm-' 
to 2,772 kgm-' with a mean of 2,580f 1 14 kgm-', grain 
densities from 2,443 kgmP3 to 3,056 kg m-' with a mean of 
2,772f 89kgm-' and porosities from 2.15% to 23.6% with 
a geometric mean of 9.74%. 

The wide range of grain densities observed reflects wide 
variations in the degree and style of alteration. In particu- 
lar, in the upper 200m of CY-I, averaging shows a low bulk 
density of 2,225 kgm-' associated with low grain density 
thought to result from low temperature submarine weather- 
ing, whereas averaging of densities for samples from CY-1 
below 26011-1 gives a mean value of 2,360kgm-'. Between 
200m and 260m densities increase with depth. The porosities 
between 85 m and 215 m are relatively low due to tlie infilling 
of fractures and vesicles with clays, zeolites and carbonate. 

The bulk density and porosity depth profiles (Figures 4 and 5) 
show the increase in density below 200m and a decrease in 
porosity below 340m reflecting the transition from predonii- 
nantly sea floor weathered pillowed lavas at the top of CY-I 
to zeolite facies pillows and flows, and to greenschist facies 
dykes in the lower lOOm of CY-IA. In particular at 250 m 
in CY-1A (i.e. 750 m depth in the section) the increase in the 
proportion of dykes is marked by an increase in density and 
decl-ease in porosity. Between 375 m and 575m in CY-IA 
(875 m and 1075 m depth in  the section) lower densities and 
higher porosities are typically associated with massive flows. 

Compressional and Shear Wave Velocities 

Compressional (P) and shear (S) wave velocities and Pois- 
son's ratios are given in Table 2 at a confining pressure of 
0.05 GPa which is considered to be representative of in  sit^ 
pressures in  the oceanic crust. There is a reasonable corre- 
lation between tlie velocities and densities for the samples. 
The variability in seismic velocities can be explained firstly 
by variations in mineralogy and thus in  grain density, and 
secondly by variations in porosity. 

The P and S wave velocities in the 16 pillow lava 
samples range from 2.74 km s-' to 4.31 km s-I and from 
1.29 km s-' to 2.36 km s-' respectively with mean values of 
3.47 & 0.49 km s- and 1.83 f 0.30 km s- I .  The mean Pois- 
son's ratio is 0.308 f 0.032. Velocities in the 13 massive 
flow samples range from 2.72km s-' to 4.83 km s-' for P- 
waves and 1.47 km s-' to 2.66 km s-' for S-waves with mean 
values of 3.55 f 0.66 km s- ' and 1.96 f 0.38 km s- ' respec- 
tively. The mean Poisson's ratio is 0.28 1 f 0.02 1. The 
mean velocities in the massive flows are slightly higher 
and the Poisson's ratio slightly lower than in the pillow 
lavas. However, velocities vary widely so that the two litho- 
logical classes are statistically indistinguishable on the ba- 
sis of their elastic properties. The velocities in the dykes, 
conversely, are significantly higher than in either the pil- 
low lavas or the massive flows. P and S-wave velocities 
from 15 samples range from 3.20 km s- ' to 5.59 km s- ' and 
1.68 km s-' to 3.03 km s-' respectively with mean values of 
4.82 f 0.58 km s- ' and 2.62 f 0.35 km s-I . The mean Pois- 
son's ratio is 0.289 f 0.017. The higher velocities reflect the 
higher grain densities and lower porosities of the dykes. 

Seismic velocities in general increase down the section 
(Figure 6) with a P-wave velocity gradient ranging from as 
much as 4.0 km s- ' km- ' in the top 165 m to 1 .O km s- ' km- ' 
in the dykes, reflecting the decrease in porosity, increase in 
grain density and changes in lithologies with depth. Super- 
imposed on the general trend there are higher velocities be- 
tween 70m and 165 m in  CY-1 which correlate with the lower 
porosities in this part of the section, giving a velocity inver- 
sion at 165 m. An increase in velocities at about 250m in 
CY-IA correlates with the increase in dyke density, although 
lower velocities are associated with massive flows between 
375 and 575 m. 
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Figure 4: Saturated bulk densities (kg.m-3) vs. depth 
(m) for CY- I and CY-I A. Samples are coded accord- 
ing to lithology as follows: Circles = pillow lavas, 
squares = massive flows, X = dykes and + = intrusive 
(sill). 

Figure 5: Porosity (%) vs. depth (m) for CY-I and 
CY- I A. Symbols as Tor Figure 4. 



222 The Plrysical Pl.opel.ties of Basaltsf,.om CCSP D~.illlroles CY-I and C Y - I A  

Table 2: Seismic Velocities and Poisson's ratios at 0.05 
GPa. P. Lava = Pillow Lava; M. Flow = Massive 
Flow. 

Litl~ology 

CY-I 

P. Lava 
P. Lava 
P. Lava 
M. Flow 
M. Flow 
P. Lava 
P. Lava 
P.Lava 
P. Lava 
P. Lava 
P.Lava 
P. Lava 
Dyke 
P. Lava 
P. Lava 
M. Flow 
M. Flow 
M. Flow 
M. Flow 
M. Flow 
Dyke 
M. Flow 
M. Flow 

CY-IA 

P. Lava 
P. Lava 
Dyke 
P. Lava 
Dykc 
P. Lava 
Dyke 
Dyke 
Dyke 
Dyke 
M .  Flow 
Dyke 
M. Flow 
M. Flow 
Dyke 
M. Flow 
Dyke 
Dyke 
Dyke 
Dyke 
Dyke 

Velocities measured under simulated crustal conditions in 
the laboratory will be systematically higher than in situ veloc- 
ities measured by logging or surface geophysical experiments 
due to the effect of macroscopic fractures and voids which are 
not represented in the sample set. Smith and Vine (1987b) 
describe a substantial discrepancy of as much as 1.0 km s-' 
between P-wave velocities determined from a downhole seis- 
mic experiment at CCSP Drillhole CY-2A and laboratory 
measurements on samples from the drillhole itself through a 
sequence of massive flows and basaltic intrusives. However, 

Figure 6:  Seismic velocities (km.s-I) vs. depth (m) 
for CY-1 and CY-1.4. Symbols as for Figure 4. 

Dep~h 
(m) 

22.41 
50.35 
71.82 
89.60 

I 10.28 
115.10 
12 1.32 
141.18 
151.25 
164.92 
167.57 
185.64 
206.53 
257.48 
276.35 
31 1.55 
315.99 
328.15 
347.62 
378.90 
390.89 
426.68 
461.30 

44.24 
96.84 

125.15 
174.85 
225.66 
246.62 
258.08 
274.54 
304.03 
344.25 
375.02 
404.09 
454.1 l 
485.95 
522.84 
544.05 
596.55 
604.24 
635.01 
665.68 
694.75 

the laboratoly velocities measured on samples from CY-I and 
CY-1A are low compared to the typical layer 2A, 2B, and 2C 
velocities of 3.64 km s-I, 5.19 km s-' and 6.09 km s-'  (Houtz 
and Ewing, 1976). Further, although the oceanic layer 2A- 
2B interface is typically defined by high amplitude reflections 
implying a strong velocity and density contrast, there are no 

Sat. Bulk 
Density 

(kgm-?) 

2,135 
2,090 
2,414 
2,347 
2,443 
2,131 
2,267 
2,156 
2,285 
2,326 
2,089 
2,154 
2,278 
2,254 
2,470 
2,149 
2,275 
2,306 
2,467 
2,400 
2,623 
2,329 
2,317 

2,474 
2,452 
2,557 
2,374 
2,623 
2,377 
2,604 
2,453 
2,579 
2,618 
2,501 
2,694 
2,426 
2,472 
2,678 
2,370 
2,673 
2,727 
2,690 
2,611 
2,602 

P-Wave 
Vclocity 
(km s-I) 

2.74 
2.82 
3.68 
3.20 
3.7 1 
3.38 
3.54 
3.23 
3.39 
4.10 
2.93 
3.10 
3.20 
3.16 
3.32 
3.38 
2.82 
2.72 
3.10 
3.37 
4.37 
3.14 
3.14 

4.25 
4.3 1 
4.65 
3.82 
4.87 
3.80 
4.79 
4.4 1 
4.97 
4.82 
4.36 
5.35 
4.34 
4.83 
5.59 
4.07 
5.19 
5.38 
5.34 
4.65 
4.76 

S-Wave 
Velocity 
(km s-I) 

1.29 
1 .5 1 
1.78 
1.79 
2.09 
1.87 
1.92 
1.78 
1.93 
2.16 
1.55 
1.45 
1.68 
1.51 
1.84 
1.67 
1.53 
1.47 
1.74 
1.89 
2.28 
1.79 
1.72 

2.36 
2.24 
2.55 
1.99 
2.52 
2.08 
2.58 
2.40 
2.77 
2.59 
2.39 
3.00 
2.44 
2.66 
2.97 
2.33 
2.90 
3.03 
2.89 
2.52 
2.68 

Poisson's 
ralio 

0.358 
0.299 
0.347 
0.272 
0.268 
0.279 
0.292 
0.282 
0.260 
0.308 
0.306 
0.360 
0.310 
0.352 
0.278 
0.339 
0.29 1 
0.316 
0.270 
0.27 1 
0.313 
0.259 
0.286 

0.277 
0.3 15 
0.285 
0.3 14 
0.317 
0.286 
0.296 
0.290 
0.275 
0.297 
0.285 
0.27 1 
0.269 
0.282 
0.303 
0.256 
0.273 
0.268 
0.293 
0.292 
0.268 
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discontinuities in velocities and densities with depth in the 
Cyprus section which give a reflection coefficient of sufficient 
magnitude to correspond to the 2A-2B interface implying that 
the 2A-2B interface in sit11 reflects a decrease in the amount 
of macroscopic fractures, rather than change in the velocities 
or densities of the rocks themselves on a sub-macroscopic 
level. The crustal section represented in Drillholes CY-1 and 
CY-1A provides a poor seismic analogue of oceanic seismic 
layers 2A and 2B having anomalously low velocities espe- 
ci,ally when cracks are taken into account, and on the basis 
of the absolute the basis of the absolute velocities measured 
here does not penetrate layer 2C. 

Electrical Conductivity 

Observed electrical conductivities, porosities and calculated 
values of Archie's exponent 'm' are given in Table 3. Con- 
ductivities are given at a confining pressure of 0.05 GPa. 

The samples are saturated with seawater since it now seems 
clear that the oceanic crust is saturated with seawater to 
depths of several kilometres and most probably to the base 
of the crust (Drury, 1979). The electrical conductivity of 
laboratory samples depends upon a combination of conduc- 
tion through pore-fluids, clay mineral conduction and mineral 
semi-conduction. Where pore-fluid conduction is dominant, 
the relationship between conductivity and porosity is given 
by Archie's law (Archie, 1942) which states that: 

where o~ is the conductivity of the pore-fluid (here seawater; 
OJ = 4.54 S m-'), $I, is the interconnected porosity expressed 
as a fraction of the rock's volume, and 'a' and 'm' are con- 
stants. 'a' is a dimensionless constant typically close to and 
often taken as 1, and the exponent 'm' has been shown from 
analogue simulation of porosity using resistor arrays (Shank- 
land and Waff, 1974) to be equal to 1 if the porosity is in the 
form of narrow ('low aspect-ratio') cracks, and 2 if in the form 
of rounded voids. However previous measurements on fresh 
and mineralized lavas (Smith and Vine, 1987a) have shown 
that in practice the value of 'm' may be as high as 3 where 
pore-fluid conduction is through randomly connected rounded 
vesicles. A good correlation between 'm' and porosity was 
noted. Assuming an Archie relationship between electrical 
conductivity and porosity, 'm' can be calculated and may 
give an insight into the nature of the porosity. 

The conductivities of the I8 pillow lava samples range 
from 20.5 mS m-' to 179.0mS m-' with a geometric mean 
of 72.1 mSm-I. The mean value of 'm' derived from 
Archie's law assuming 'a'= I and a pore-fluid conductivity 
of 4.54s m-' is 2.40* 0.41 suggesting that conduction in 
rounded voids is dominant over conduction through narrow 
cracks. 

The conductivity of the 14 massive flow samples ranges 
from 22.6 to 278.3 mSm-' with a geometric mean conduc- 
tivity of 92.2mS m-I, comparable to the pillow lavas. The 

Lithology 

CY- I 

P. Lava 
P. Lava 
P. Lava 
P. Lava 
P. Lava 
M. Flow 
P. Lava 
P. Lava 
P. Lava 
P. Lava 
P. Lava 
Dyke 
P. Lava 
M. Flow 
P. Lava 
P. Lava 
P. Lava 
M. Flow 
M. Flow 
M. Flow 
M. Flow 
M. Flow 
M. Flow 
M. Flow 
M. Flow 

Depth 
(m) 

22.41 
50.35 
53.10 
71.82 
76.70 
98.90 

121.32 
141.18 
15 1.25 
164.92 
185.64 
206.53 
223.09 
239.01 
257.48 
276.35 
307.68 
3 1 1.55 
315.99 
335.85 
347.62 
378.90 
426.68 
434.98 
46 1.30 

Electrical 
Cond. 

(mS ~n-I) 

134.0 
99.1 

179.1 
49.7 
66.5 
76.0 
63.5 
66.4 
57.0 
48.3 

115.8 
70.0 

100.0 
144.5 
1 14.7 
93.0 

166.2 
221.0 
22 1.3 
278.3 
1 10.2 
87.0 

1 19.5 
105.8 
118.0 

Porosity 
("/.) 

30.1 
14.6 
16.8 
12.9 
13.7 
13.4 
15.6 
13.9 
14.1 
10.5 
18.3 
11.7 
21.6 
16.3 
20.5 
14.5 
29.3 
27.5 
26.7 
32.8 
20.4 
11.2 
15.4 
14.8 
14.6 

Archie's 
Exponent 

' m ' 

2.94 
1.99 
1.81 
2.2 1 
2.12 
2.03 
2.30 
2.15 
2.24 
2.02 
2. I6 
1.94 
2.49 
1.90 
2.32 
2.02 
2.70 
2.34 
2.29 
2.5 1 
2.34 
1.81 
1.94 
1.97 
1.90 

I I I 

I CY-IA 

Table 3: Electrical Conductivity at 0.05 GPa. 
P. Lava = Pillow Lava: M. Flow = Massive Flow. 

P. Lava 
P. Lava 
Dyke 
P. Lava 
Dyke 
P. Lava 
Dyke 
Dyke 
Dyke 
Dyke 
M. Flow 
Dyke 
M. Flow 
M. Flow 
Dyke 
M. Flow 
Dyke 
Dyke 
Dyke 
Dyke 
Dyke 

Archie's exponent 'm' also has a similar mean value of 
2.26 f 0.34. There is a positive correlation between Archie's 
exponent and porosity for the pillow lavas and massive flows 
suggesting that rounded voids constitute a higher proportion 
of the total porosity in the more porous samples. In CY-IA 
the conductivity of the pillow lavas and massive flows gen- 
erally decreases down the section with a decrease in porosity 
(Figures 5 and 7). Low conductivities are also measured in 

44.24 
96.84 

125.15 
174.85 
225.66 
246.62 
258.08 
274.54 
304.03 
344.25 
375.02 
404.09 
454. l l 
485.95 
522.84 
544.05 
596.55 
604.24 
635.0 1 
665.68 
694.75 
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Figure 7: Electrical conductivity ( m ~ . m - ' )  vs. depth 
(m) for CY-1 and CY-1A. Symbols as for Figure 4. 

samples from 70m to 165 m in CY-1 within the low porosity 
zone. 

Conductivities in the dykes range from 1.36 mS m- to 
70.0mSm-I with a geometric mean of 14 samples of 
8.41 mSm-I, an order of magnitude lower than the pillow 

Pillow 

Table 4: Mean Values of Magneric Properties. 

lavas and massive flows. The mean value of Archie's expo- 
nent is 2.61 f 0.29 implying that despite the lower porosity, 
conduction is primarily through rounded voids, as it is in the 
pillows and flows. The high value of m suggests that the 
rounded voids are relatively poorly interconnected. The con- 
ductivity falls at 750m with a decrease in porosity from the 
extrusives above to the dykes below. There is a gradual de- 
crease in conductivity with depth as the deeper dykes have 
lower porosity. 

In situ conductivities will be greater than the values deter- 
mined from these laboratory measurements due to additional 
conduction in macroscopic pores and fractures not represented 
in the laboratory sample set. Discrepa~~cies between labora- 
toly and, for example, logging data can give an indicatio~l of 
the extent of large scale fracturing in the crust if the conduc- 
tivity of the pore fluid is known. 

Magnetic Properties 

Figure 8 shows histograms of the magnetic properties. NRM 
intensity, susceptibility, and Koenigsberger ratios are log- 
normally distributed and it is usual practice therefore to give 
the geometric mean as a representative value of the sample 
set. However, in considering the potential of a unit as a source 
layer for marine anomalies it is the arithmetic mean which is 
applicable (Harrison, 1976). Therefore in Table 4 we have 
summarized both mean values of NRM, susceptibility and 
Koenigsberger ratio. 

The magnetic properties of the pillow lavas and the mas- 
sive flows are comparable. The mean NRM intensity is high, 
(typically approximately 10Am- ' )  and the susceptibility rel- 
atively low (approximately 25 x 10-".I. units) so that the 
Koenigsberger ratio is of the order of 10. 

The dykes have comparable susceptibilities to the imme- 
diately overlyilig pillow lavas and massive flows, but much 
lower NRM intensities of around I Am- '  giving a Koenigs- 
berger ratio of the order of 1, an order of magnitude lower 
than the extrusives. 

However, of greater significance than a compari- 
son of the average magnetic properties of the vari- 
ous lithological classes is a consideration of variations 
in the magnetic properties with depth (Figures 9-12). 
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10- Pillow lavas  N= 6 1 

N 5- 

0 I 
I 
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Figure 8: Histograms of loglo (NRM intensity), loglo (magnetic susceptibility), loglo (Koenigsberger ratio) and 
NRM inclination. N is the number of samples. Geometric mean values are arrowed. 
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Figure 9: NRM intensity ( ~ . m - I )  vs. depth (m) for 
CY-I and CY-IA. Symbols as for Figure 4. 

Figure 10: Magnetic susceptibility (10-9.1. Units) 
vs. depth (m) for CY-1 and CY-IA. Symbols as for 
Figure 4. 
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On this basis the section represented in CY-1 and CY-IA 
may be divided into three distinct units; an upper unit above 
180111 in CY-I which consists predominantly of pillow lavas 
with several massive flows, a middle unit of massive flows, 
pillow lavas and occasional dykes, and a lower unit below 
the fault at 250 m in CY- 1A (750 m in the section) consisting 
of dykes with some massive flows between 375 and 575m. 
NRM intensities within the upper unit are, with one excep- 
tion less than 15Am-' ,  typically 5 Am-' ,  susceptibilities 
are mostly between 6 and 15 x S.1, and Koenigsberger 
ratios variable but typically about 10.   he middle unit has 
NRM intensities of up to 45 A m-I, typically 10-15 A m-', 
but with some lower intensities in dykes towards the base of 
the unit in CY-1 A. There is a distinct increase in susceptibility 
with depth through this unit from 10-20 x 10-9.1.  units in 
the upper part of the unit to 25-120 x 10" S.I. at the base. 
The range and amplitude of Koenigsberger ratios decreases 
with depth from 5-50 at the top of the unit to 1-20 towards 
the base. The lower unit has a considerably lower NRM 
intensity, 1.OA m-I, than the upper two units and suscepti- 
bilities typically between 10 and 100 x 10-".I. but which 
may be as low as 1 x S.I. possibly due to hydrothermal 
alteration associated with pyrite veins. The general trend is 
of increasing susceptibility with depth. 

It is notable that the massive flows occurring in the 
lower unit have comparable magnetic properties to the dykes, 
whereas the dykes occurring in the middle unit have compa- 
rable magnetic properties to the higher extrusives. This sug- 
gests that the boundary between the middle and lower units is 
metamorphic in character and not merely a function of lithol- 
ogy. The upper unit down to 180m reflects the effects of low 
temperature seafloor weathering or halmyrolysis. The contact 
between the middle and lower units can be typified by the 
marked change in the range of values of the Koenigsberger 
ratio which is exactly analogous to that observed by Beske- 
Diehl and Banerjee (1980) at the zeolite-greenschist facies 
boundary, which they assumed to be at a depth of 1.5 km in 
the Troodos ophiolite. It was noted that this boundary fluc- 
tuates near the depth where the pillow lavas between dykes 
become scarce. This occurs at approximately 250 m depth in 
CY-1 A, or 750m in the section, at the faulted middle-lower 
unit boundary. Thus the upper, middle and lower magnetic 
units defined here appear to correspond to intervals of halmy- 
rolysis, zeolite and greenschist facies metamorphism respec- 
tively. 

Criteria for an adequate marine anomaly source layer have 
been suggested by a number of authors (Johnson and Pariso, 
1985; Levi et al. 1978). Among those relevant to the prop- 
erties discussed here are; that the NRM intensity should be 
greater than 5 A m- ' , (or greater than 0.1 A m- ' , according to 
Levi et al.), the Koenigsberger ratio should be greater than 1,  
and that there should be coherent directions of magnetization 
within the crustal section. The pillow lavas, massive flows Figure 11: Koenigsberger ratio (Qn) vs. depth (m) for 

and dykes above the zeolite-greenschist facies boundary, with CY-I and CY-IA. Symbols as for Figure 4. 

NRM intensities in excess of 5 Am- '  are thus, potentially, 
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Figure 12: NRM inclinations (degrees) vs. depth (m) for CY-1 and CY-1A. Symbols as for Figure 4. 
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tlie most important source layer. Tlie layer thickness of 750m 
is consistent with the commonly estimated thicknesses of the 
oceanic source layer of 500 to 1000 m (Scliouten and Den- 
ham, 1979; Banerjee, 1984). Although the NRM intensities 
observed i n  the Cyprus section in the dykes and flows be- 
low tlie zeolite-greenschist facies bounda~y are much lower, 
of the order of I Am-', this will, if i t  extends to an ap- 
preciable deptli, make a significant secondary contribution to 
the total observed magnetic anomaly (Kidd, 1977). Evidence 
from CCSP Drillhole CY-4 through the diabase and gabbro 
suggests that this is the case (Smith and Vine, 1989~). The 
value of the Koenigsberger ratio is largely an irrelevance. 
Variations in the induced component of magnetization of the 
layers of a horizontally layered, i.e. 'one-dimensional,' model 
have no bearing on the shape of the anomaly. Only lateral 
magnetization contrasts can produce anomalies. 

In this study we have not tested the third condition of di- 
rectional coherence of the NRM. However, previous work 
(Vine, Poster and Gass, 1973) suggests that this co~idition is 
satisfied in all of the three lithologic units defined here. The 
dykes however have somewhat higher inclinations than the 
extrusives (see Table I), implying that they have acquired a 
viscous remanent component of magnetisation. Demagnetisa- 
tion of dykes Iias shown that they have a tendency to acquire 
a secondary magnetisation in the direction of the current field 
on Cyprus (Allerton and Vine, 1987). 

DISCUSSION 

The 1,200 m section recovered from CCSP Drill holes CY- 1 
and CY-IA allows the detailed study of the variation in pliys- 
ical parameters through the Troodos section and thus by anal- 
ogy through the oceanic crust. DSDP Drillhole 504B which 
penetrated 1075.5 In of oceanic basement south of tlie Costa 
Rica Drift (Anderson et al., 1982) has provided a geological 
section comparable to that obtained from Drillholes CY- I and 
CY- IA, allowing the analogy between the upper 1 km of the 
Troodos ophiolite and the upper kilometre of oceanic crust to 
be tested. 

On the basis of the laboratory measurements three units 
can be recognised in the Troodos section with a gradational 
contact between the upper and middle units from 165 m to 
260 m and a sharp fault bounded contact between tlie middle 
and lower units at 750m. The contact between the upper and 
middle units is rather subtle, reflecting the effects of varying 
degrees of seafloor weathering, or halmyrolysis, on the geo- 
logical and physical properties of the rocks. Different physical 
properties are affected to different degrees by halmyrolysis. 
Further, the degree of halmyrolysis decreases with depth to 
260m (Hall et al. 1987). Thus the contact between tlie upper 
and middle units may be drawn at depths ranging from 165 m 
to 260m depending on the property from which tlie contact is 
defined. For example the base of the upper unit may be drawn 
at 16511-1 on the basis of a velocity inversion and an increase 
in conductivity; at 180m by an increase in NRM intensity 

and susceptibility, by an increase in porosity at 215 m or by 
an increase in density between 200m and 260 m. It is there- 
fore best to define tlie depth interval from 165 m to 260111 
as a transition zone between an upper unit of seafloor weath- 
ered basalts above 165 m and tlie middle unit of zeolite facies 
basalts below 2601n. The upper unit is then clialncterisetl by 
relatively steep gradients in pliysical properties; an increase 
in seismic velocities, NRM intensity and susceptibility, and a 
decrease in porosity and electrical conductivity with depth. 

The middle unit which extends to 750111, consists of nias- 
sive flows and pillow lavas with occasional intrusives. It is 
characterised by moderate gradients in physical properties: 
an increase in density, seismic velocities and magnetic sus- 
ceptibility, a decrease in porosity and electrical conductivity 
and little change in NRM intensity with depth. Tlie contact 
between tlie middle and lower units is defined by slia~p con- 
trasts in geological and geophysical parameters. The density 
and velocities show a slight increase and tlie porosity, con- 
ductivity and NRM intensity a slight decrease. Most diag- 
nostic is the contrast in Koenigserger ratios above and below 
750 m. Above, values are almost exclusively greater than 1.0, 
typically 10.0, below values are almost exclusively less than 
10.0, typically 1.0. The lower unit consists predominantly of 
dykes, with some massive flows between 875 rn and 1075 In. 
Density, velocities and susceptibility continue to increase and 
porosity and conductivity to decrease with depth. Lower den- 
sities and velocities and higher porosities and conductivities 
are dete~mined for the massive flows in  tlie lower unit.  There 
is, however, little contrast in NRM intensity. 

A comparison of the litliological and geophysical data sug- 
gests that tlie upper, middle and lower units correspond to tlie 
zones of halmyrolysis, zeolite facies, and greenschist facies 
metamorphism respectively. 

Like the Troodos section, the section from 504B may be 
divided into three main units. Geophysical logging (Salis- 
bury et al., 1985; Von Herzen et ul., 1985; Newmark et al., 
1985) shows that witliin tlie upper l00m of pillow basalts and 
breccias, density and velocities are low but increase rapidly 
with depth. This is interpreted (Newmark et al., 1985) to 
be sesmic layer 2A. The next 550111 is composed of pillow 
basalts, flows and breccias and is characterised by moderate 
velocity, density and conductivity gradients. This is inter- 
preted to be seismic layer 2B. Evidence of halmyrolysis is 
seen to a depth of 300m, well below tlie 2A-2B 'contact,' 
with infilling of veins with zeolites noted towards tlie base 
of tlie zone. Higher in the section, many veins and vesicles 
are open and saturated. Below layer 2B is a transition zone 
extending over 200m with a decrease in the proportion of pil- 
lows and an increase in  dyke density to layer 2C, tlie sheeted 
dykes at 780m. The first evidence of greenschist facies meta- 
morphism occurs at approximately 650 m and is marked by an 
increase in the gradients of density, velocities, porosity and 
conductivity. Below 900m there is little increase in velocity 
or density, or decrease in porosity or conductivity. 
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Table 5: Mean values of the physical properties measured for CY-1 and 1A samples compared with those obtained 
on basalt samples recovered by the DSDP. 

Physical 
Property 

VP+ 
(kms-I) 

Vs+ 
(krns-') 

P.r+ 

Ps 
(kgrn-3) 

Pg 
(kgrn-3) 

O 
(%) 

(T+* 

( r n ~  rn-I) 

J~~~ 

~ m - I  

X 
IO-~S.I.  

Qn 

Reference 

DSDP Site 504B 
Leg Leg 
69-70 69-70 Leg 83 
Basalts Basalts Basalrs 

6 .07~ 5.75a 6 . 2 1 ~  
f 0.36 f 0.3 f 0.32 

(29) (1 15) (32) 

3.26~ - 3 .33~  
f0.21 f0.18 

(29) (32) 

0 .30~ - 0.30~ 
f0.02 f 0.02 

(29) (32) 

2860 2900 2910 
f 9 0  f 6 0  f 6 0  
(29) (1 15) (32) 

- 3000 - 
f 3 0  - 

(115) - 

2.5 5.0 1.3 
f3.1 f2.2 f1.9 
(29) ( 1  15) (32) 

- 21 .6a 

- (56) 

Leg Leg 
69-70 69-70 Leg 83 
Pillow Massive Dykes 
Lavas Flows 

10.2 4.7 0.89 
f 6.9 f 3.9 f 0.49 
(40) (90) (4) 

18.2 30.3 13.2 
f8.2 f13.6 f0.8 
(40) (90) (4) 

28.1 7.4 3.6 
2~27.4 f 9.0 f0.8 

(40) (90) (4) 
(10.13) 2 4 

13) 

Various 49 DSDP DSDP Legs 
DSDP Drillholes 2-14, 26, 
Basalts (10-321) 34 and 37 

- 

- 

- 

- 

2800 
f 1 0  

( 137) 

7.04 
- f 4.33 

( 1  37) 

5.26 
(153) 

4.14 2.07 

(294) (391) 

- 

- 

(16) (17) (18) 

CCSP CY-I and CY-1A 
Pillow Massive Dykes 
Lavas Flows 

3.47 3.55 4.82 
f0.49 f 0.66 f 0.58 

(16) (13) (15) 

1.83 1.96 2.62 
f0.30 f 0.38 f 0.35 

(16) (13) (15) 

0.308 0.281 0.289 
f0.30 f0.021 f0.017 

(16) (13) (15) 

2264 2297 2580 
f125  f 1 2 3  f114 

(55) (27) (37) 

2558 2594 2772 
f171 f145  f89  

(55) (27) (37) 

18.9 18.7 11.0 
1-53 f6.7 f4.9 
(55) (27) (37) 

72.1 92.2 8.41 

(18) (14) (14) 

10.87 10.90 1.99 
f9.20 f11.82 f2.81 

(61) (44) (37) 

24.9 27.1 52.8 
f22.6 f23.5 f35.6 

(61) (44) (37) 

16.6 13.4 1.41 
f 12.6 f 13.4 f 0.80 

(61) (44) (37) 
(I) (1) (1) 

DSDP DSDP DSDP DSDP 
Leg 37 Leg 46 Leg 49 Leg 51-53 
Basalts Basalts Basalts Basalts 

5.94 6.04 5.22 5.48" 
f0.34 f 0.21 f0.63 f0.48 

(79) (25) (11) (189) 

3.27 3.19 - 3.10" 
f 0.15 f 0.71 f0.21 

(37) (25) (65) 

0.295 0.306 - 0.28" 
f0.011 f0.018 f0.01 

(37) (25) (65) 

2795 2800 2760 2785 
f82 f50 *I60 f128  

(101) (25) (1 1) (185) 

2949 - 2914 
f45 f 4 2  
(85) (104) 

7.81 3.6 - 8.4 
f 4.15 f 2.3 f5 .5  

(85) (25) (104) 

4.55a 4.7ga 19.2 8.33a 

(87) (20) (10) (48) 

3.66 1.72 5.0 9.31 
f2.26 f1.39 
(127) (110) (216) (271) 

4.56 2.08 12.9 18.9 
f4.11 f2.84 
(124) (48) (43) (31 1) 

35 38 21.5 21.6 
f 26 f 32 

(124) (48) (43) (263) 
(23) (4,5) (6.7) (8,s) 
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A qualitative comparison of the depth trends in physical 
properties deduced from laboratory measurements on  CY-1 
and CY-IA samples and from logging of 504B, shows com- 
parable variations and correlation with geology, pointing to 
an analogy between the upper, middle and lower units of 
the Troodos section and oceanic seismic layers 2A, 2B and 
2C. However, a true comparison of the physical properties 
of rocks from the Troodos drillholes with rocks from 504B 
must be between values determined by similar techniques. 
Laboratory measurements on samples from 504B give con- 
siderably higher velocities and densities, and lower porosity 
and conductivity than measurements on Troodos samples, as 
shown in Table 5. Thus although the sections are similar in 
many respects, velocities and densities through the Troodos 
section are anomalously low, and porosities and conductivi- 
ties anomalously high. Further, although the Troodos pillow 
lavas have a similar NRM intensity to pillow lavas from 504B, 
the Troodos massive flows and dykes have anomalously high 
NRM intensity and the dykes much higher susceptibility. 

Table 5 also shows mean values of physical properties of 
basalts from DSDP legs 37, 46, 49  and 51-53, and several 
compilations of measurements on various DSDP basalts. A 
comparison of  these values with measurements on the Troo- 
dos lavas, flows and dykes reinforces the interpretation of the 
upper 1 km of the Troodos ophiolite as being anomalously 
porous, having anomalously low velocities and densities, high 
conductivity, and high N R M  intensity and magnetic suscep- 
tibility. Although high NRM intensities comparable to those 
measured from the Troodos have been observed for basalts 
from some DSDP drillholes, these are typically from young 
crust close to the ridge crest. Basalts from older crust have 
much lower NRM intensities than determined from the Troo- 
dos extrusives. The  upper 1 km of  the Troodos therefore ap- 
pears to provide a poor analogue of  the upper 1 km of  mature 
oceanic crust in terms of  the absolute values of all the physical 
propet-ties. 
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Abstract 

Rock magnetic and oxide petrographic data are presented for the 1.04km section from the sediment-volcanic 
interface downward in the Troodos ophiolite, Cyprus. Natural remanence intensity, Jo, initial susceptibility, k ,  
and saturation magnetization, Js, show increase, and mean demagnetization field, MDF, decrease with depth over 
the upper 0.45-0.6 km of the section. Below this depth Jo drops to unifo~mly low values, JS and k are scattered, 
and MDF shows possible increase with depth. Decrease in low temperature oxidation, followed by increase 
in hydrothermal alteration, controls propel-ties in the uppelmost -0.55 km of the section. A zone of minimum 
alteration between 0.26 and 0.41 km corresponds closely to the interval of strongest Jo. Below 0.55 km strong 
hydrothermal alteration followed by the extensive fo~mation of secondary magnetite, SM, controls magnetic 
properties. SM formation becomes important when dyke density exceeds -30% of the section. SM consists 
of nearly pure, stoichiometric magnetite from which much of the impurities and physical breaks have been 
expelled or annealed. The fo~mation of multidomain SM leads to low Jo and relatively high k and Js. 

Les donnCes ~Ctrographiques des oxydes et proprietes magnCtiques des roclies sont prCsentCes pour une coupe 
de 1.04Km h partir de I'interface ~Cdimentaire-volcanique verse le bas, dans les ophiolites de Troodos, Chypre. 
L'intensitC de la rkmanence naturelle, Jo, la susceptibilitC initiale, k, et I'aimantation par saturation, Js, aug- 
mentent, et le champ de dCmagnCtisation moyen, MDF, dCcroit en profondeur dans la partie suptrieure de la 
coupe, entre 0.45 et 0.6Km. Sous ce niveau, la rCmanence naturelle (Jo) diminue aux valeurs unifo~mes de 
peu d'devation, celles de Jo et k sont dispersCes, et MDF s'accroit possiblement avec une augmentation de 
profondeur. Une baisse d'oxydation h basse temperature, suivie d'un accroissement de I'alteratio~i liydrotlier- 
male, contrelent les propriCtCs dans la partie supCrieure h I'ordre de 0.55 Km de la coupe. Une zone d'altkration 
minimum entre 0.26 et 0.41 Km correspond beaucoup B u n  intervalle de hautes valeurs de Jo. Sous 0.55 Km, 
une forte alttration hydrothermale suivie d'une fo~mation abondante de magnetite secondaire, SM, contrBlent 
les propriCtCs magnCtiques. La formation SM devient impo~tante lorsque le densit6 de dikes dCpasse 30% d'une 
section de coupe. Cette formation est consistuCe de magnetite stcechiomCtrique oli la plupart des impurites et 
les fractures ont CtC CvacuCes ou recuites. La formation de SM B domaines multiple conduit 21 une basse 
valeur de Jo et B des valeurs de k et Jo relativement hautes. dCyasse 30% d'une section de la coupe. La SM 
consiste de magnktite stoechiomCtrique presque pure, de laquelle toutes impuretC et fractures one CtC CvacuCes 
ou recuites. La formation de SM h domaines multiples conduit i~ une basse valeur de Jo et B des valeurs de k 
et Jo relativement hautes. 
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INTRODUCTION 

The Cyprus Crustal Study Project (CCSP) is a multi- 
disciplinary international re-examination of the Troodos, 
Cyprus, ophiolite having two major objectives: to determine 
features of oceanic crust that are not readily accessible in the 
present oceans and to determine the origin of ophiolites. The 
project used research drilling as a major tool. This report 
describes initial results from the magnetic and oxide petro- 
graphic examination of material from CCSP drillholes CY-l 
and CY-IA. 

The Troodos ophiolite (Coleman, 1977; Gass, 1980) is an 
uplifted segment of Tethyan crust produced in a spreading 
environment. The Troodos ophiolite is notable in apparently 
having experienced little alteration and tectonic disruption 
other than that acquired as i t  in situ oceanic crust. The ophio- 
lite sequence consists of a pseudo-stratigraphic succession in 
which an Extrusive Series, consisting of pillowed and sheeted 
submarine extrusives, overlies a transition to a dyke com- 
plex, termed the Basal Group. An underlying zone consisting 
largely of thin, parallel, subvertical basic dykes, the Sheeted 
Complex, is succeeded at depth by an unnamed transition to 
the Plutonic Complex, consisting of high level gabbros with 
minor plagiogranites and lower level ultramafics. 

CCSP drillholes CY-1 and CY-lA, with depths of 475m 
and 701 m respectively, and recoveries in excess of 9076, were 
designed to provide a continuous section through the Extru- 
sive Seiies and into the transition to the Sheeted Complex, 
the Basal Group, of the ophiolite. The top of Hole CY-I 
is located at within a few metres of the sediment-volcanic 
interface within the valley of the Akaki-Maroulena stream 
system (Figure 1). Hole CY-1A is located in the same val- 
ley about 1-1/2km upstream (south) of CY-1. The location 
of CY-1A was chosen such that it would provide overlap 
with and extension of the lower part of the section sampled 
in Hole CY-I. Exact survey of the relative location of the 
two holes, and measurement of the northwards dips of sedi- 
ments and sheet flows in their vicinities, has allowed expres- 
sions relating hole and true stratigraphic depths to be derived: 
(i.e.) for Hole CY-I 

True depth (m) = Hole depth x cos 20' 

and for Hole CY- I A 

True depth (m) = 373 + Hole depth X cos 15' 

Where the figure of 373m is the estimate of the equivalent 
true depth in the CY-1 section of the top of the CY-IA section. 

In this report, samples are referred to in terms of their hole 
depths, this being the unambiguous means of recovering their 
locations in the drill cores. However, the sample property lists 
of Tables 1 and 2 contain both hole and true depths, while 
the depth profiles of Figures 2-7 are plotted on the basis of 
true depths. 

The upper part of the Extrusive Series in the vicinity of 
Hole CY-I is included in the Upper Pillow Lavas (UPL) map- 
ping unit. This consists of frequently red stained, dominantly 

pillowed units. Clays, iron-hydroxides and carbonates are 
widespread in this unit. This suite of secondary minerals, to- 
gether with evidence for a -25 my delay in sediment sealing 
of the surface of the extrusives (Hall et al., 1987), indicates 
that the UPL is a low temperature alteration facies of varying 
thickness at the top of the Extrusive Series. The macroscopic 
indicators of intense low temperature alteration are not seen 
below 260 m depth in Hole CY-1 (0.24 km true depth). 

Below this depth low temperature alteration is subdued, the 
pillows, massive flows, and vely occasional dykes being gen- 
erally gray or dark brown coloured. Such extrusives are in- 
cluded in the Lower Pillow Lavas (LPL) mapping unit, which 
comprise the lower part of the CY- I and the upper part of the 
CY-1A section. At 0.7 km crustal depth there is macroscopic 
evidence for a fairly rapid increase in alteration to subgreen- 
schist conditions, followed at between -0.5 to 0.7 km crustal 
depth by a rapid increase in dyke density from a few percent 
to about 40% of the section. This density is maintained to the 
bottom of the CY-1A section at close to 1 km crustal depth. 
Both dykes and screens of pillowed and massive flows in this 
zone of higher dyke density have experienced hydrothermal 
(non-directed) metamorphism of subgreenschist or greenschist 
grades. 

The CY-I ICY-IA profile provides a comparison section 
for the DSDP Hole 504B - 1.04 km section through upper- 
most oceanic crust in the Costa Rica Rift area (Anderson 
et al., 1982). Preliminary comparison of these two sections 
will be made after the presentation of the CY-1 ICY-1A re- 
sults. At this point i t  will be useful to note that the 504B sec- 
tion consists of 0.57 km of dominantly extrusives overlying 
a 0.2 km transition to a possible sheeted complex. Currently 
it is proposed that sheeted dyke (100% dyke density) condi- 
tions occur below 0.8 km. However, in view of the low core 
recovery rate (averaging 2 1%) this conclusion is partly based 
on the interpretation of geophysical and televiewer logging 
results which may not be very effective at resolving dykes 
and massive flows. The extrusive interval in Hole 504B has 
only experienced low temperature alteration, but from 0.89 km 
depth hydrothermal alteration rises rapidly to sub-greenschist 
or greenschist conditions, which extend to the base of the 
section. 

SAMPLING AND MEASUREMENTS 

Sampling from the drill cores was carried out at the Kokki- 
noiya core laboratory in Cyprus. Almost all samples are de- 
rived from minicores drilled transversely to the main core, 
with an average of one minicore taken from each 1.5 m core 
section. Tables 1 and 2 list the samples from Holes CY-1 
and CY- I A, respectively. For Hole CY- I samples are related 
to units and lithologies as given in Gibson and Robinson, 
1983. In the absence of a detailed core description volume 
for Hole CY-IA, unit  and lithological assignments are based 
on the working core description sheets. For the 192 CY-I 
samples, which were obtained in 1982, several properties are 
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Hole 
Depth 

16.36 
17.77 
19.46 
20.92 
22.16 
23.37 
28.83 
30.3 1 
32.00 
44.34 
47.55 
50.33 
50.96 
5 1.60 
53.52 
54.90 
55.95 
57.38 
58.75 
67.60 
69.00 
69.95 
71.75 
72.55 
74.14 
75.35 
76.66 
78.06 
80.66 
8 1.95 
90.90 
92.74 
94.28 
94.91 
96.65 
98.85 

100.28 

101.85 
103.45 
1 10.90 
112.32 
115.12 
117.05 
118.44 
1 19.82 
121.22 
121.75 
123.22 
124.50 
126.14 

Crustal 
Depth 

15.37 
16.70 
18.29 
19.66 
20.82 
2 1.96 
27.09 
28.48 
30.07 
4 1.67 
44.68 
47.30 
47.89 
48.49 
50.29 
51.59 
52.58 
53.92 
55.2 1 
63.52 
64.84 
65.73 
67.42 
68.18 
69.67 
70.81 
72.04 
73.35 
75.80 
77.0 1 
85.42 
87.15 
88.60 
89.19 
90.82 
92.89 
94.23 

95.7 1 
97.21 

104.2 1 
105.55 
108.18 
109.99 
111.30 
1 12.60 
113.91 
114.41 
1 15.79 
1 16.99 
1 18.53 

2.1 
2.3 
@ 
3.3 
3.8 
3.12 
5.3 
5.6 
5.9 
8.2 
8.5 
9.3 
9.4 
9.5 

10.5 
10.7 
11 .1  
11.4 
11.6 
? 
13.1 
13.1 
14.2 
14.3 
14.6 
15.3 
15.6 
15.8 
16.4 
16.9 
18.3 
@ 
@ 
@ 
20.2 
21.1 
@ 

Lab Jo 
x I O - ~  

H.P. 23.3 
H.P. 19.6 
H.P. 72.1 
H.P. 79.1 
H.P. 54.3 
H.P. 94.7 
J.H. 33.0 
J.H. 53.0 
J.H. 3.1 
H.P. 28.6 
H.P. 31.4 
H.P. 7.6 
H.P. 11.6 
J.H. 15.0 
J.H. 51.0 
J.H. 93.0 
J.H. 
J.H 59.0 
J.H. 43.0 
H.P. 14.0 
H.P. 46.4 
H.P. 21.2 
H.P. 15.3 
H.P. 95.7 
H.P. 7.3 
J.H. 25.0 
J.H. 13.0 
J.H. 100.0 
J.H. 270.0 
J.H. 130.0 
H.P. 78.0 
H.P. 7.9 
H.P. 27.9 
J.H. 54.0 
J.H. 86.0 
J.H. 60.0 
J.H. 50.0 

J.H. 85.0 
J.H. 44.0 
H.P. 21.2 
H.P. 119.0 
H.P. 107.0 
H.P. 106.0 
H.P. 70.2 
H.P. 59.6 
H.P. 57.5 
J.H. 52.0 
J.H. 1 15.0 
J.H. 149.0 
J.H. 93.0 

P brc 
P brc 
P brc 

P 
P 
P 
P 
P 
P 
P 
P 
P 
P 
P 
P 
P 
P 
P 
P 

bas 
P 
P? 
P 
P 
P 
P 
P 

F/brF 
P brc 
MFID 
MF 
MF 
MF 
MF 
MF 
MF 
MF 

@ 
@ 
@ 
23.1 
23.2 
24.2 
24.3 
24.6 
25.1 
25.2 
25.3 
25.7 
25.1 

I< MDF 
x lo-' 

10.1 139 
6.8 106 
6.1 250 

80.0 141 
5.5 141 
1.3 103 
3.4 144 
6.0 88 
1 . 1  249 
9.5 182 
8.3 125 
6.5 157 
9.2 168 
7.5 142 
9.7 116 
8.8 105 

10.0 117 
3.5 136 
6.8 222 

10.1 165 
8.5 178 
8.6 175 
9.7 140 

15.3 156 
10.0 117 
17.0 132 
7.8 121 

10.0 119 
7.8 118 
7.5 162 
6.9 128 
9.6 173 

10.0 121 
9.9 112 
6.7 96 
8.7 1 1 1  

7.1 121 
9.7 89 
6.3 147 

18.1 145 
12.9 140 
9.0 154 
9.7 167 
9.6 155 

13.8 150 
4.6 91 
8.4 149 

10.0 117 
9.0 138 

MF 
MF 
MF 
F 
P 

bas 
P 

MF 
P 

v brc 
P 
P 
P 

Js Tc 

0.67 500 
0.45 480 

weak 

585 
0.49 490 
0.48 505 
0.63 540 
0.22 51 
0.28 540 

0.60 475 
1.01 540 

0.72 515 
0.59 500 

wen k 
weak 

0.8 1 455 
0.91 476 

0.67 505 
0.96 540 

0.48 455 
0.39 495 
0.53 475 
0.27 510 

Oxide ulassificntio~~ 
or Conilnents 

CI HI L2? P:S=+I .0 
C1 HI L2 P:S=+I.O 
no oxides 

sni i111 incr in J and illcr al dn=150 
CI HI L2 P:S=+I.O 
CI HI L2 P:S=+l.O 
C1 HI L2 P:S=+I.O 
C I HI L2 P:S=+ 1.0 
CI HI L2 P:S=+I.O 
core lost from box 

Table 1: Magnetic and oxide petrographic properties for samples from Holes CY-I. 
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Table 1 (continued) 

Oxide cl~ssification 
or Comments 

CIHIL2P:S=+I.O 
CIHIL2P:S=+I.O 
Cl HI LI-2 P:S=+I.O 
CIHILI-2P:S=+I.O 

C1 HI LI-2 P:S=+I.O 
CI HI LI-2 P:S=+I.O 

CIH11,I-2P:S=+I.O 
CIHlLIP:S=+I.O 
CI H l LI-2 P:S=+I.O 
CIHILI-2P:S=+I.O 
CIHILI-2P:S=+I.O 
CIHILI-2P:S=+I.O 
CIHILIP:S=+I.O 
CIHILIP:S=+I.O 
CIHILI-2P:S=+I.O 
CIHILI-2P:S=+I.O 
CIHILI-2P:S=+I.O 

CIHILIP:S=+I.O 

CIHlL1-2P:S=+l.O 
CI HI L2 P:S=+I.O 
CI HI L2 P:S=+l.O ** 
CI HI LI-2 P:S=+I.O 
CIHlL2P:S=+l.O 
C1 HI L2 P:S=+I.O 
CI HI LI-2 P:S=+I.O 
CI HI L2 P:S=+ I .O 

CI HI Ll-2 P:S=+I.O 
CIHILIP:S=+I.O 
CIHILIP:S=+I.O 
C1 HI L1 P:S=+I.O 

Hole 
Depth 

128.10 
129.55 
131.05 
132.46 
139.84 
141.27 
142.65 
144.00 
344.42 
146.30 
147.46 
149.85 
15 1.20 
151.25 
151.60 
152.57 
154.25 
155.94 
157.34 
157.61 
159.18 
160.75 
162.42 
163.84 
164.85 
172.44 
173.36 
174.85 
176.68 
177.78 
178.80 
179.04 
180.22 
181.65 
183.15 
184.75 
185.62 
187.75 
188.85 
190.47 
191.83 
193.18 
199.73 
202.68 
204.06 
205.58 
206.45 
207.56 
209.15 

Unit 

26.2 
26.4 
26.5 
26.6 
28.5 
28.8 
28.14 
28.18 
@ 
29.4 
29.6 
30.4 
30.9 
@ 
30.10 
@ 
30.13 
30.14 
31.2 
@ 
31.5 
32.2 
32.5 
@ 
32.6 
34.2 
34.3 
34.5 
34.6 
35.3 
35.7 
35.8 
35.12 
35.14 
36.1 
36.6 
36.1 1 
36.13 
37.3 
37.7 
37.1 1 
37.15 
38.8 
39.8 
39.12 
40.1 
40.3 
40.5 
40.9 

Crustal 
Depth 

120.38 
121.74 
123.15 
124.47 
131.41 
132.75 
134.05 
135.32 
135.71 
137.48 
138.57 
140.81 
142.08 
142.13 
142.46 
143.37 
144.95 
146.54 
147.85 
148.11 
149.58 
151.06 
152.63 
153.96 
154.91 
162.04 
162.91 
164.31 
166.03 
167.06 
168.02 
168.24 
169.35 
170.70 
172.1 1 
173.61 
174.43 
176.43 
177.46 
178.99 
180.26 
181.53 
187.69 
190.46 
191.76 
193.18 
194.00 
195.04 
196.54 

Lifh 

P 
P 
P 
P 
P 

bas 
P 

bas 
bas 
P 
P 
P 
P 
P 

P/F 
P/F 
P 

P/F 
P 
P 
P 
P 
P 
P 
P 
P 
P 
P 
P 

bas 
P 
P 
P 

bas 
P 
P 
P 
P 
P 
P 
P 
P 
P 

bas 
bas 
P 
D 
P 
P 

Lab Jo K MDF Js Tc 
X I O - ~  X I O - ~  

J.H. 149.0 10.0 133 0.45 495 
J.H. 227.0 12.0 125 0.42 460 
J.H. 90.0 12.0 103 0.49 480 
J.H. 173.0 9.2 98 0.57 470 
H.P. 58.3 9.1 132 
H.P. 86.2 9.8 136 
H.P. 76.7 11.2 119 
H.P. 51.6 7.0 158 
H.P. 55.0 5.6 120 
H.P. 16.1 9.1 114 
H.P. 67.1 10.7 129 
J.H. 125.0 13.0 84 0.51 485 
J.H. 136.0 7.2 1 19 0.55 305 
H.P. 150.0 10.7 112 
J.H. 0.49 484 
J.H. 23.0 8.7 180 0.55 520 
J.H. 85.0 10.0 100 0.39 475 
J.H. 135.0 11.0 99 0.19 470 
J.H. 197.0 8.1 114 0.52 500 
J.H. 56.0 6.4 123 0.43 460 
J.H. 89.0 9.4 110 0.45 485 
J.H. 114.0 7.6 109 0.44 495 
J.H. 191.0 8.7 121 0.41 475 
J.H. 67.0 8.8 119 0.43 480 
J.H. 46.0 9.8 121 0.41 440 
H.P. 154.0 11.9 92 
H.P. 137.0 10.9 99 
H.P. 145.0 14.1 94 
H.P. 148.0 11.8 107 
H.P. 98.6 10.8 137 
J.H. 151.0 9.1 118 0.52 485 
H.P. 84.5 6.0 131 
H.P. 73.4 13.5 124 
H.P. 74.0 13.3 129 
J.H. 58.0 8.3 92 0.28 430 
J.H. 198.0 9.2 91 0.51 505 
J.H. 178.0 7.6 72 0.42 495 
J.H. 136.0 14.0 87 0.58 495 
J.H. 77.0 13.0 140 0.83 550 
J.H. 183.0 12.0 67 0.43 505 
J.H. 138.0 10.0 87 0.47 460 
J.H. 180.0 10.0 95 0.43 470 
H.P. 132.0 3 .  97 
H.P. 264.0 18.9 110 
H.P. 61.6 11.9 87 
J.H. 78.0 13.0 89 0.57 475 
J.H. 44.0 10.0 190 1.09 540 
J.H. 284.0 11.0 45 0.54 545 
J.H. 197.0 13.0 70 0.64 355 560 
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Hole 
Depth 

210.12 
21 1.52 
212.80 
214.38 
215.81 
216.48 
218.60 
220.57 
221.86 
223.1 1 
224.40 
225.09 
226.90 
228.15 
229.18 
230.12 
237.40 
239.04 
239.85 
242.0 1 

Crustal 
Depth 

197.45 
198.77 
199.97 
201.45 
202.80 
203.43 
205.42 
207.27 
208.48 
209.66 
210.87 
21 1.52 
213.22 
214.39 
215.36 
216.24 
223.09 
224.63 
225.39 
227.42 
228.56 

Lith Unit 

40.10 
41.3 
41.4 
41.7 
42.1 
42.2 
42.5 
42.9 
43.2 
43.4 
43.7 
43.8 
44.1 
@ 
44.4 
44.7 
45.1 
@ 
@ 
47.1 
47.2 

K MDF Js TC 
x I O - ~  

Lab Jo 
x I O - ~  

231.35 47.3 
232.40 48.2 
233.50 48.5 
235.23 48.6 
236.36 49.3 
237.24 49.6 
238.43 49.8 
239.76 49.1 
245.82 50.7 
247.34 51.1 
248.65 5 1.3 
249.87 51.6 
251.32 52.2 
252.40 52.3 
253.73 @ 
255.13 52.5 
256.06 52.5 
257.62 53.2 
258.93 53.4 
259.73 @ 
262.34 54.2 
263.92 54.5 
264.88 54.7 

P 
P 
P 

bas 
P? 
P 
P 
P 
P 
P 
P 
P 
P 
P 
P 
P 

MF 
M F  
MF 
MF 
F 

F/P 
P 
P 
P 
P 
P 
P 
P 

MF 
MF 
MF 

MFP 
MF 
MF 
MF 
MF 

P(MF) 
P 
P 
P 
P 
P 
P 

P 1 J.H. 63.0 9.9 103 0.75 485 ( 

H.P. 
H.P. 
H.P. 
H.P. 
H.P. 
H.P. 
H.P. 
H.P. 
J.H. 
J.H. 
J.H. 
J.H. 
J.H. 
J.H. 
J.H. 
J.H. 
H.P. 
H.P. 
H.P. 
H.P. 
H.P. 
H.P. 
J.H. 
J.H. 
J.H. 
J.H. 
H.P. 
J.H. 
J.H. 
H.P. 
H.P. 
H.P. 
H.P. 
H.P. 
H.P. 
H.P. 
H.P. 
J.H. 
J.H. 
J.H. 
J.H. 
J.H. 
.I.H. 
J.H. 

- - - -  - - - - 

Table I (continued) 

P 
P 
P 

Oxide clnssificntion 
or Cominenls 

H.P. 92.1 12.4 121 
H.P. 149.0 12.7 117 
H.P. 185.0 12.1 127 

CI HI LI P:S=+I.O 
C1 HI LI P:S=+I.O 
CI HI Ll P:S=+I.O 
CI HI LI P:S=+I.O 
CI HI LI P:S=+I.O 
CI HI L1 P:S=+I.O 
Cl HI LI P:S=+I.O * 
and at dn=500 
C1 HI LI P:S=+I.O 
int  incr in J 
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Table I (continued) 

Oxide classification 
01. Co~nments 

CI H I  LI P:S=+I.O 
CI H I  LI P:S=+I.O 
CI HI LI P:S=+I.O 
CI HI-2 LI P:S=+I.O 
CI HI LI P:S=+I.O 
C1 HI L1 P:S=+I.O 
CI H I  LI P:S=+I.O 
CIHILIP:S=+I.O 

C1 HI L1 P:S=+I.O 

CIHI-2LI-2 
P:S=+I.O 

CI HI LI P:S=+I.O * 

CI HI LI P:S=+1.0 
CI HI LI P:S=+I.O * 
CIHI-2LI-2 
P:S=+I .o 
C I HI L1 P:S=+I.O 
CI HI LI P:S=+I.O 
CI HI LI P:S=+I.O 
CI HI LI P:S=+I.O 
CI HI LI P:S=+I.O 
CIHILIP:S=+l.O 
CI HI L1 P:S=+I.O 

CI HI-2 LI-2 
P:S=+I.O 
CIHI-2LI-2 
P:S=+ I .o 
CI HI -2 LI P:S=+I .O 

Hole 
Depth 

293.05 
294.25 
295.76 
296.78 
297.95 
299.52 
301.45 
302.57 
303.72 
304.87 
306.26 
307.70 
308.60 
316.20 
316.60 
318.65 
319.1 1 
321.01 
321.82 
323.15 
324.45 
325.40 
328.29 

339.58 
340.81 
342.66 
343.85 
345.08 
346.60 
347.65 
348.39 
353.90 
374.41 
375.72 
377.52 
378.92 

380.15 
381.88 
383.05 
384.58 
385.69 
410.10 
415.68 
421.60 
425.70 
434.00 

435.03 

465.57 

Unit 

56.6 
57.3 
57.6 
@ 
@ 
57.7 
58.3 
@ 
58.4 
58.5 
59.1 
59.3 
@ 
61.1 
@ 
61.3 
@ 
@ 
@ 
@ 
@ 
@ 
@ 

66.1 
66.2 
@ 
@ 
66.3 
67.1 
67.4 
67.6 
68.8 
72.4 
73.1 
73.2 
@ 

@ 
@ 
@ 
@ 
@ 
78.4 
79.3 
80.5 
81.2 
83.2 

@ 

88.7 

Crustal 
Depth 

275.38 
276.5 1 
277.92 
278.88 
279.98 
281.46 
283.27 
284.33 
285.41 
286.49 
287.79 
289.15 
289.99 
297.13 
297.51 
299.44 
299.87 
301.65 
302.41 
303.66 
304.89 
305.78 
308.49 

319.10 
320.26 
321.00 
323.12 
324.27 
325.70 
326.69 
327.38 
332.56 
351.83 
353.06 
354.76 
356.07 

357.23 
358.85 
359.95 
361.39 
362.43 
385.37 
390.61 
396.18 
400.03 
407.83 

408.80 

437.50 

Lith 

P 
P 

F/P 
F/P 
F/P 
P 
P 
P 
P 
P 
P 
P 
P 
F 
F 

MF 
MF 
MF 
MF 
MF 
MF 
MF 
MF 

MF 
bas 
bas 
bas 
MF 
D/F 
intr 
D/F 

P 
F 
D 

MF 
MF 

MF 
MF 
MF 
MF 
MF 
MF 
MF 
P 

MF 
MF 

MF 

intr? 

Lab Jo K MDF Js Tc 
X I O - ~  X I O - ~  

H.P. 141.0 13.0 97 
H.P. 128.0 13.5 133 
H.P. 204.0 15.0 108 
H.P. 37.2 8.3 99 
H.P. 84.7 13.1 108 
J.H. 88.0 12.0 105 0.57 325 520 
J.H. 63.0 10.0 98 0.46 510 
J.H. 124.0 10.0 90 0.56 335 550 
J.H. 110.0 12.0 89 0.70 330 540 
J.H. 144.0 10.0 103 0.56 330 530 
J.H. 218.0 13.0 107 0.76 345 520 
J.H. 183.0 12.0 93 0.67 330 525 
J.H. 348.0 12.0 93 0.69 325510 
H.P. 79.3 11.6 1 1 1  
H.P. 110.0 13.2 96 
H.P. 66.0 17.5 94 
H.P. 106.0 15.5 91 
H.P. 226.0 15.5 83 
H.P. 154.0 16.3 98 
H.P. 77.2 11.5 93 
J.H. 415.0 11.0 84 0.82 330 525 
H.P. 193.0 11.6 145 
J.H. 113.0 13.0 89 0.65 330545 

H.P. 188.0 19.7 72 
H.P. 102.0 12.4 84 
H.P. 8 1.7 10.2 84 
H.P. 14.7 9.7 85 
H.P. 207.0 25.2 74 
H.P. 243.0 22.0 88 
H.P. 15.4 12.6 171 
H.P. 245.0 16.2 95 
J.H. 23.0 12.0 92 1.00 320 490 
H.P. 121.0 17.6 86 
J.H. 28.0 12.0 86 0.97 305 500 
J.H. 406.0 13.0 76 1.07 340 490 
J.H. 49.0 11.0 89 0.67 350495 

J.H. 51 1.0 12.0 75 1.03 320 525 
J.H. 72.0 12.0 93 0.87 330 505 
J.H. 167.0 12.0 85 0.85 340 480 
J.H. 146.0 13.0 85 1.47 345 495 
J.H. 86.0 11.0 98 0.95 335 480 
J.H. 737.0 17.0 86 1.41 330530 
J.H. 180.0 18.0 90 1.39 335 530 
H.P. 77.4 15.6 88 
H.P. 206.0 18.5 96 
J.H. 638.0 15.0 87 1.53 330 530 

J.H. 54.0 19.0 114 1.08 340540 

J.H. 0.7 1 340 548 
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Table 2: Magnetic and oxide petrographic properties for samples from Holes CY-1A. 

Oxide classification 
or Colnmenrs 

CI Hl(6) L1 P:S=+I.O 

CI Hl(6) L1 P:S=+I.O 

C1 HI L1 P:S=+I.O 
CI H2(1,3)(6)L(1)2-3 
P:S=+I .o 
CI H l(6) L1 P:S=+I .O 
no pol-thin 
C1 HI-3 LI-3 
P:S=+I .o 
CI H I  L1 P:S=+I.O 
unoriented, no descr 
gr size v. srnall 
unoriented 
Cl Hl(2) LI-3 
P:S=+I.O 
C1 H2-3(4) L2 
P:S=+l.O 
C1 HI Ll(2) P:S=+I .O 

no pol-thin 
no pol-thin 
CIHILIP:S=+I.O 
no pol-thin 

H(6) Sr6ah l P:S=- I .O 
2 distinct types 
CI HI LI Sahl? and 
H4 Sr5-6ahl 
H(6) P:S=+0.90? 
CI HI-2 LI P:S=+I.O 
C1 Hl(6) L1 WI or 
H(6) Sr6ah3 P:S=? 
CI H3(6) L1 
Sr0-3(4-6) P:S=+0.40 
H(6) Sr6ah 1 P:S=- I .O 
unoriented 
unable to classify 
C 1 (2) H2(3-4 L2-4) 
Sr0-6 P:S-0.40 
no pol-thin 
H(6) no oxides 

Cl(2) H3-4 LI SrO-I 
P:S=+0.85 
Cl(2) H3(6) L1 Srl-4 
P:S=-0.50 
Cl(2) H3(4)(6) L!-2 
Sr4-6 P:S=-0.40 
CI-2 H3-4(5) L2 
Sr0-600- 1 P:S=O.O 

Hole 
Depth 

1.81 

10.40 

20.65 
30.00 

40.00 
49.50 
60.08 

69.95 
80.67 

89.69 

100.75 

109.75 

120.00 
130.08 
140.30 
150.65 

160.40 
170.05 

179.25 
189.83 

199.57 

210.37 
219.65 

230.00 

239.85 
250.70 

259.91 

270.23 

279.35 

289.29 

Crustal 
Depth 

374.75 

383.05 

392.95 
401.98 

41 1.64 
420.81 
431.03 

440.56 
450.92 

459.63 

470.31 

479.01 

488.91 
498.64 
508.52 
518.51 

527.93 
537.25 

546.14 
556.36 

565.76 

576.20 
585.16 

595.16 

604.67 
615.15 

624.05 

634.02 

642.82 

652.33 

Unit 

1.01 

2.09 

5.01 
6.01 

10.4 
12.1 
15.6 

18.1 
20.1 

23.3 

26.4 

28.4 

30.3 
33.1 
35.3 
38.1 

41.4 
44.2 

46.4 
49.3 

52.1 

53.2 
56.2 

60.1 

62.3 
65.1 

65.2 

69.2 

69.2 

73.1 

Lith 

P 

P 

F 
MF 

F 
F 

MF 

F 
F 

F 

P 

F/P 

D? 
MF 
MF 
MF 

bas 
P 

P 
P 

D? 

D 
g brc 

unk 

P 
brc F 

MF/D 

D 

D 

D? 

Lab Jo K MDF Js Tc 
X I O - ~  X I O - ~  

J.H. 89.0 21.0 I6 0.91 335 495 

J.H. 52.8 20.8 17 1.23 355 495 

J.H. 316.0 21.2 18 1.19 505 
J.H. 31.8 29.5 44 1.61 400 495 

J.H. 34.7 30.9 20 1.95 445 
J.H. 277.0 35.8 18 1.70 425 
J.H. 264.0 29.7 19 2.02 445 

J.H. 758.0 30.7 19 1.83 535 
J.H. 0.3 1 565 

J.H. 28.9 34.3 21 1.90 400 475 

J.H. 37.8 28.1 18 1.38 440 

J.H. 185.0 26.4 15 1.39 405 500 

J.H. 100.0 28.7 14 1.11 410 
J.H. 52.9 26.7 16 1.24 420 
J.H. 14.4 20.4 34 0.86 505 
J.H. 17.2 30.1 49 1.40 430 505 

J.H. 34.4 33.1 16 1.46 485 
J.H. 603.0 23.1 42 1.81 530 

J.H. 103.0 59.2 17 2.24 480 
J.H. 224.0 50.7 15 2.36 535 

J.H. 113.0 43.1 34 3.37 560 

J.H. 6.7 49.9 27 2.62 465 
J.H. 14.9 0.0 256 0.05 190 600 

J.H. 6.2 24.8 31 1.50 485 

J.H. 29.2 43.3 22 1.91 480 
J.H. 0.4 2.0 143 0.09 215 625 

J.H. 19.5 31.7 83 2.39 445 570 

J.H. 24.1 31.1 19 1.69 550 

J.H. 22.6 31.9 63 2.19 560 

J.H. 4.6 12.0 21 0.70 550 
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Table 2 (continued) 

Hole 
Depth 

300.05 

310.00 

319.33 

329.90 

339.83 

349.85 

359.50 

370.00 

380.65 

389.82 

399.55 

409.85 

420.38 

430.00 

439.71 

449.50 

460.05 

470.30 

479.77 

Crustal 
Depth 

662.82 

672.43 

681.44 

691.65 

701.24 

710.92 

720.24 

730.38 

740.67 

749.53 

758.93 

768.87 

779.05 

788.34 

797.72 

807.17 

817.36 

827.26 

836.41 

Lab Jo K MDF Js Tc 
X I O - ~  x lo-4 

J.H. 12.7 18.0 13 0.28 570 

J.H. 16.3 36.6 21 2.15 570 

J.H. 15.3 17.3 77 2.00 485 

J.H. 1.94 565 

J.H. 18.3 32.8 44 1.98 575 

J.H. 22.6 33.8 24 2.08 485 575 

J.H. 6.2 0.0 43 1.65 565 

J.H. 25.3 48.0 82 2.26 570 

J.H. 21.9 39.6 202 1.15 580 

J.H. 17.3 15.4 195 1.49 580 

J.H. 5.0 13.7 146 0.80 575 

J.H. 10.1 16.4 121 1.27 575 

J.H. 5.2 9.4 138 0.60 560 

J.H. 4.5 12.5 1 15 0.57 565 

J.H. 3.0 10.2 91 0.66 560 

J.H. 9.9 20.9 121 0.90 560 

J.H. 34.1 41.0 98 3.08 565 

J.H. 4.2 30.8 136 1.31 555 

J.H. 4.5 8.9 429 0.68 570 

Oxide classification 
or Co~nments 

CI ~ 3 - ~ ( 5 )  LI 
SrO-6 or So4 
P:S=-0.50 
Ig decr in J at dn=O 
incr in J dn=25- 100 
and 200-250 
CI H3(4)(6) LI Sr3-6 
P:S=-0.80 
Cl(2) H3(4)(6) Ll(2) 
P:S=-0.50 
unorie~ited 
CI-2 H3(6) LI Sr0-6 
P:S=-0.50 
CI-2(3) H3-4(6) L1-3 
Sr0-6ah 1 P:S=-0.20 
C2-3 H2-3(4) Ll(2) 
Sr0-4(5-6)oO- I 
P:S=O.O 
C3 H2-3(6) LI 90-6 
P:S=-0.65 
int incr in J 
CI-3 H2-3(6) LI 
SrO-6 P:S=-0.30 
Cl H3-4(6) L1 
P:S=+ I .o 
int incr in J 
v poorly oriented 
CI-2 H3(6) LI SI?-6 
P:S=-0.70 
in1 incr i n  J 
CI-2 H3(6) LI Sr(5)6 
P:S=-0.90 
C 1-2 H3-4 L1 
~r(2-~)5-6ah l 
P:S=-0.80 
CI-2 H(3)4-5(6) Ll-2 
Sr(0-2)3-6ah3 
P:S=-0.30' 
C3 H3(4)(6) L1 
Sr(4-5)6 P:S=-0.90 
CI H3(6) LI 
Sr(4-5)6ah(l) 
P:S=-0.95 
C1 H3(6) LI 
Sr(4-5)6 P:S=-0.95 
C I H3(4)(6) LI 
Sr0-6ah2 P:S=-0.20 
CI-2 H3(4)(6) LI-2 
SrO-6ah l P:S=+0.40 
int incr in  J 
CI H3 L1 Sr5-6ah2 
P:S=-0.90* 
at dn=50 

Unit 

75.1 

75.1 

79.4 

81.4 

82.2 

86.1 

87.3 

90.2 

92.3 

94.4 

96.1 

98.2 

101.1 

103.1 

104.5 

106.3 

109.2 

1 1  1.1 

114.1 

Lith 

D? 

D? 

D 

MF 

D? 

D 

F/D 

F? 

D? 

F/P 

F? 

D 

D 

F D  

D 

D? 

FP 

D 

F? 
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1 Hole 1 Crustal 1 Unit 1 Lit11 Lab Jo K MDF Js Oxide classification 
Depth Depth x lo4 x lo4 or Co~nments 

M F 
brc F 
M F 

J.H. 2.2 25.1 100 1.35 570 

J.H. 13.9 17.9 132 1.19 575 

J.H. 13.6 20.6 283 1.67 555 

J.H. 21.6 38.9 117 2.70 555 

J.H. 15.1 24.5 97 1.65 555 
J.H. 1.7 1.4 256 0.31 575 
J.H. 27.8 27.5 224 1.33 555 

J.H. 99.0 30.8 135 1.82 470 565 

J.H. 5.4 25.2 85 1.71 570 
J.H. 0.4 25.1 175 1.71 565 

J.H. 5.7 38.7 89 2.06 565 

J.H. 0.7 22.1 74 0.29 575 

J.H. 121.0 54.0 1 1  I 3.39 570 
J.H. 6.3 40.1 88 1.76 560 
J.H. 18.3 41.8 190 3.30 580 
J.H. 11.8 26.3 98 1.71 565 

J.H. 26.5 41.3 1 1  1 2.96 560 

J.H. 3.1 0.0 116 0.17 575 

J.H. 8.9 50.7 127 1.64 560 

J.H. 6.2 46.0 46 2.59 540 

J.H. 1.5 7.9 131 1.62 565 
J.H. 1.92 535 

Table 2 (continued) 

unoriented to core 
Cl(2) H3(6)LI 
Sr(5)6ah2 P:S=-0.95:k 
C2(3) H3(6) LI 
Sr(5)6ah4 P:S=-0.95 
H(6) Sr6ah2 P:S=-I .O 
sm incr in J @ dn=25 
H(4-5)(6) Sr6aR3 
P:S=-0.95 
int incr in J, Ig 
decr in J at dn= I00 
H(6) Sr6ah4 P:S=- I .O 
H(6) no.oxides 
sm incr in J @ dn=50 
H(6) Sr6? 
P:S=- I .O (or + l .O) 
H(6) Sr6ah3 P:S=- I .O 

H(6) Sr6ah4 P:S=- I .O 
C2 H3 L1 Srl-61111 
P:S=O.O 
int incr in J and at 
dn=350 
C2-3 H3-4 LI 
Sr(0-3)4-6 P:S=-0.60 
int incr in J and at 
dn=500 
int incr in J and at 
dn= 150-200 
H(6) Sr6ali! P:S=- I .O 
Sr6 P:S=- I .O 
H(6) Sr6 P:S=-1.0 
H(6) Sr6ah3 P:S=-I .O 
C2-3 H(2)3(6) LI 
Srl-Gal11 P:S=-0.50 
C2-3 H3(6) LI-2 
Sr2-6ah l P:S=-0.65 
no mt. H(6) P:S=none 
all henia. (Sah4?) 
H3-4(6) Sr4-6ah l 
P:S=-0.95 
incr in J @ dn=25 
incr in J at dn=350 
and 500 
H(6) Sr6ah4 P:S=- I .O 
Sr6ah l P:S=- I .O 
unoriented 
C3 H3(6) LI Sr5-6ahl 
P:S=-0.95 
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Figure 1: Location map, sitcs CY-1 and CY-IA. U Upper Pillow Lava field mapping unit; L Lower Pillow Lava; 
B Basal Group. 

available for all samples and the more time consuming mea- 
surements on over half the samples. For the CY-IA sam- 
ples, which were obtained in 1985, a complete suite of mea- 
surements is only presently available on 70 samples at 10m 
depth spacings. Natural remanence, Jo, and mean demagne- 
tizing field, MDF, measurements were made on both CY-1 
and CY-1A samples at Dalhousie University using a Schon- 
stedt DSM-2 magnetometer and GSD-5 alternating field de- 
magnetization unit, and on CY-1 samples at the University of 
Washington using a cryogenic magnetometer and Schonstedt 
demagnetization unit. Saturation magnetization, Js, and Curie 
temperature measurements were made at Dalhousie Univer- 
sity as described in Hall and Ryall (1977). Oxide determina- 
tions and measurements were made at Dalhousie University. 

MAGNETIC PROPERTIES 

(i) Intensity of Natural Remanence, Jo 

The distribution with depth of Jo (Figure 2) shows a variety of 
clearly defined features over different depth intervals. From 
the surface to 0.56 km depth, values fall within a belt that 
increases in width with depth. 

the 0 4 . 1  km interval these stronger samples are typically 
-100 x cgs while below 0.35 km the stronger samples 
range from 400 to 800 X 1 0-4 cgs. 

A sharp break in this depth trend occurs below 0.56 km. 
Below this depth all samples are relatively weakly magne- 
tized. With the exception of two samples at -100 x cgs, 
all samples in this lower zone have Jo 5 35 X cgs and 
many have Jo 5 10 x 1 0-4 cgs. 

(ii) Mean Demagnetizing Field, MDF 

Three zones can be recognized in the depth distribution of 
this property. From the surface to 0.4km, MDF (Figure 3) 
values fall in a belt of lOOoe (10-~Tesla) width, with aver- 
age values decreasing from 150oe at the surface to 100 oe at 
0.4 km. From 0.4 km to 0.6 km values are without exception 
low, <50oe. From 0.6km to the bottom of the section values 
are scattered, with a general tendency for minimum values to 
increase with depth from 200e at 0.7 km to 150oe at 1 km. 
Irregularly distributed higher values in this third zone range 
from 200 oe to 400 oe. 

(iii) Initial Susceptibility, k 

Low values (10-20 x 10-~cgs, 1-2A/m) are present The distribution with depth of k (Figure 4) shows two clear 
throughout this uppermost zone. The increase in  the width zones. From the surface to 0.6 km values fall within a belt 
of the zone with depth is a consequence of the occur- about 16 X cgs in width, with average values increasing 
rence of a fraction of increasingly stronger samples: Within with exponential trend from -10 X l ~ - ~ c g s  at the surface 



J.M. Hall et al. 

Figure 2: Drillholes CY-I ICY-1 A. Distribution with 
depth of intensity of natural remanence, Jo. In this 
and successive figures, the following symbols are used 
for the principal lithologies present: Sample from 
pillowed flow; * sample from massive flow; sample 
from dyke. 

to 40 x cgs at 0.6 km. From 0.6 km to the bottom of 
the section k is broadly scattered between 2 x 10-4cgs and 
48 x low4 cgs without any trend with depth. 

(iv) Saturation Magnetization, Js 

The distribution with depth of Js (Figure 5) shows two zones. 
The boundary between these zones is less clearly defined than 
for Jo and k. In Figure 5 the boundary is shown tentatively 
at -0.44km. However, if the single low value at this depth 
is not considered, the boundary would be drawn at between 
0.55 km and 0.6 km. The upper zone is characterized by Js 
falling within a belt 0.8 cgs in width, with average values in- 
creasing, with exponential trend from 0.5 cgs at the surface 
to -1.5 cgs at 0.44 km (or -2 cgs at 0.55-0.60km). The 
lower zone is characterized by broadly scattered values, rang- 
ing from -0.3 cgs to 3.4cgs, without any trend with depth. 

(v) Curie Temperature Tc 

The distribution with depth of Tc (Figure 6) shows four clear 
zones. From the surface to 0.26km Tc values lie in belt 
100°C in width, with average values decreasing with depth 
from -550°C at the surface to -450°C at 0.26 km. At this 
latter depth a change in therrnomagnetic behaviour occurs: 
almost all samples in the second zone, from 0.26 to 0.41 km, 
show two Curie temperatures during the initial heating cycle. 
The lower of these two Tc values lies between 300°C and 
350°C, and the higher usually between 500°C and 550°C. It 
is possible that the higher Tc for these double Tc samples 
is an artifact of the heating process. From experience else- 
where, this distribution of Tc values probably indicates that 
the magnetic phase is rather highly cation deficient titanomag- 
netite. It is difficult or impossible to prevent these unstable 
Fe-Ti oxides from phase splitting during heating to 600°C 
into a magnetite (sensu lato) and possibly a rhombohedra1 
phase. If such phase splitting has generally taken place, then 
in the natural state the oxides will be characterized by a sin- 
gle, 300-350°C Curie temperature. The third zone extends 
from 0.41 to 0.63 km. This zone shows somewhat scattered, 
largely single Tc values in the 375OC to 575OC range, with av- 
erage values increasing from -475OC to --540°C with depth. 
The fourth zone extends from 0.63 km to the bottom of the 
section. With a small number of exceptions, Tc is closely 
confined about --580°C throughout this zone. 

IRON-TITANIUM-OXIDES 

Eight properties were measured quantitatively or semi- 
quantitatively for each of 160 polished surfaces represent- 
ing all the lithologies present in the section. Sample depths, 
lithologies, and oxide petrographic properties are listed in 
Table 1, and are shown as depth profiles in Figures 7 and 8. 



Magnetic Properties, Oxide Petr.ograpky, and Alteration: CCSP Drillholes CY-1 and CY-1A 

Figure 3: Drillholes CY-I /CY-1 A. Distribution with 
depth of mean demagnetizing field, MDF. Symbols as 
in Figure 2. 

MDF (a) 
0 100 200 300 400 500 

Figure 4: Drillholes CY-I /CY-IA. Distribution with 
depth of initial susceptibility, k. Symbols as in Fig- 
ure 2. 

0 I .. Z . 0. 
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Figure 5: Drillholes CY-I ICY- I A. Distribution with 
depth of saturation magnetization, Js. Symbols as in 
Figure 2. 

Figure 6: Drillholes CY-I ICY-IA. Distribution with 
depth of Curie temperature, Tc. Symbols as in Fig- 
ure 2. Where samples show double Curie temperatures 
these are joined. 
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P-S 
P+S 

Figure 7: Drillholes CY-1 ICY-IA. Distribution with depth of Fe-Ti oxide parameters. I. Explanation of profiles 
from left to right. Lithological classification of samples: pillowed flows or pillow breccias; A massive or 
sheet flows; E dykes. Bracketed symbols imply small amount present except in the case for H6 where it implies 
an uncertain identification. C titanomagnetite deuteric oxidation state (as defined in text); H titanomagnetite 
hydrothermal alteration state; L titanomagnetite low temperature oxidation; (P-S)/(P+S) ratio of secondary to 
other forms of magnetite. 
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Figure 8: Drillholes CY-I ICY-IA. Distribution with depth of Fe-Ti oxide parameters, 11. Explanation of profiles 
from left to right. Lithological symbols as in Figure 7. SR titanomagnetite secondary reconstruction (as defined in 
text); So Overgrowths of secondary magnetite on altered primary magnetite; Shl martite development in seconda~y 
magnetite; SAH seconda~y hematite development in secondary magnetite. 
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All oxide identifications and measurements were made using 
a Reichert Zeto Pan Pol microscope at a magnification of 
x 1375. 

The properties measured were: 

1. titanomagnetite deuteric oxidation state (C) 

2. titanornagnetite hydrothermal oxidation state (H) 

3. titanomagnetite low temperature oxidation state (L) 

4. titanomagnetite secondary reconstruction (SR) 

5. secondary magnetite overgrowths (So) 

6. martitic alteration in magnetite (SM) 

7. hematitic alteration in magnetite (SAI-I) 

8. the relative abundance of primary and secondary 
magnetite (Ratio R) 

The nature of each property measured and tlie results of 
each set of measurements are given below. 

1. Titanomagnetite Deuteric Oxidation State, C 

This is a high temperature form of oxidation, known to oc- 
cur only during the initial cooling of a rock unit. Several 
stages of increasing intensity of oxidation are recognized. Be- 
fore oxidation commences rock units contain uniform grey 
brown titanomagnetite grains. Oxidation first results i n  the 
subsolidus exsolution of ilmenite lamelle. When all the ti- 
tanium present has been partitioned into ilmenite, oxidation 
continues with the alteration of the ilmenite lamellae and 
eventually the residual, near-pure magnetite to phases such as 
titaniferous hematite, rutile and pseudobrookite. Characteris- 
tically, this and other forms of alteration vary rapidly spatially 
within a rock unit on scales from micrometres (pm) to metres, 
e.g. Watkins and Haggerty (1968). Another characteristic of 
many of tlie samples examined is that the results of several 
types of alteration are superimposed, so requiring consider- 
able care in identifying a complete paragenetic sequence. The 
range of alteration stages observed are conveniently classified 
for within-sample averaging purposes on a 1 (unaltered) to 6 
(completely oxidized) scale (Ade-Hall et al., 1971). 

Deuteric oxidation state shows rather a well defined in- 
crease with depth. From the surface to 0.60 km deuteric ox- 
idation is absent. Between 0.60 and 0.65 krn the presence of 
occasional ilmenite lamellae (C2 state) indicate incipient oxi- 
dation. Between 0.65 and 0.70 km occasional lamellae occur 
in a substantial number of grains. Between 0.70 and 0.85 km 
some samples have some or all grains with a high density of 
ilmenite lamellae (C3 state). Below 0.85 km most the small 
number of samples examined have all magnetite grains with 
a few or many lamellae. In telms of interval average values, 
these increase from 1 .OO through -1 . l ,  ~ 1 . 5 ,  - 1.8 and -2.0 
through the intervals identified above. 

2. Titanomagnetite Hydrothermal Alteratio~~ State, H 

This category includes a series of hydrothe~mal alteration 
states produced through the interaction of titanomagnetite 
in a range of deuteric alteration states with hot fluids 
(Ade-Hall et al., 1971). Using results from Iceland (Robinson 
et al., 1982), where the occurrence of different titanomagnetite 
alteration states can be correlated with the occurrence of sec- 
ondary silicate minerals of known stability fields, it is possible 
tc~ estimate the fluid temperatures needed to produce the dif- 
ferent alteration states. As in tlie case of deuteric oxidation, 
hydrothermal alteration state often varies from grain to grain 
within a sample, suggesting that facility of fluid access to a 
grain, as well as fluid temperature, is important in determining 
the resulting alteration state. The temperatures equated below 
with successive alteration states are based on tlie first occur- 
rence with depth of the state. For a sample characterized by 
grains showing a range of alteration states, it is suggested that 
the most altered grains were most likely to have reached or 
approached equilibrium with the Iiydrothermal fluid, and thus 
should be used as a guide to the temperature of the altering 
fluid. 

The first indication of hydrothermal alteration, given in H 
value of 2 on a 1 to 6 scale, is characterized by either or 
both small areas of 1 pm anatase granules in titanomagnetite 
('granulation'), or the incipient replacement of ilmenite lamel- 
lae, produced during deuteric oxidation, by sphene. The fluids 
responsible for this stage were probably at temperatures of be- 
tween 50°C and 150°CC, with the presence of incipient sphene 
probably indicating temperatures near the higher end of the 
interval. 

Grains with an H value of 3 are largely or completely gran- 
ulated or show complete replacement of ilmenite lamellae by 
sphene. Fluid temperatures of 150-250°C are estimated for 
this state of alteration. 

Grains with an H value of 4 show, in addition to the fea- 
tures characteristic of H =  3, vsriable erosion of grains. Fluid 
temperatures of about 260°C are estimated for this state of 
alteration. 

Grains with an H value of 5 or 6 are characterized by the 
partial or complete, respectively, leaching of iron from grains, 
leaving translucent pseudomorphs, probably largely consisting 
of titanium oxides. Fluid temperatures of 290°C and higher 
are estimated for these states of alteration. 

A number of subsequent alteration processes often makes 
the direct determination of sample hydrothermal alteration 
state difficult. Thus, reconstruction, or recrystallization, two 
processes described in detail below, result in the partial or 
complete loss of tlie characteristic textures of the different 
hydrothermal alteration states. However, pal-titularly in the 
instance of sphene, the characteristic products of hydrother- 
mal alteration are not lost, but are locally redistributed, so 
allowing an estimate to be made of the hydrothermal alter- 
ation component of the history of a sample. 
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Hydrothermal alteration shows a clear downward increase 
in intensity. From the surface to 0.3 km this type of alter- 
ation is absent. Incipient alteration is seen in the 0.3-0.4km 
interval, followed by fairly common alteration of moderate 
intensity in the 0.4-0.55 km interval. From 0.55 to the bot- 
tom of the section, hydrothermal alteration at moderate lev- 
els (3 < H < 4) has affected all extrusive and dyke samples. 
As will be noted from Figure 7, almost all samples below 
0.4 km depth are shown as containing possible anatase pseu- 
domorphs after titanomagnetite. Only tentative identification 
is indicated since, in the absence of electron microprobe anal- 
yses, it is possible that these translucent grains are of a phase 
that is unrelated to the alteration of the Fe-Ti oxides. 

3. Titanomagnetite Low Temperature 
Oxidation State, L 

This type of oxidation results from the interaction of water 
at probably no more than a few tens of degrees centigrade 
with titanomagnetite. It is particularly well developed in the 
uppermost part of it in situ oceanic crust where cold seawater 
saturation or continued drawdown has occurred. A five stage 
scale of increasing alteration has been recognized by Johnson 
and Hall (1978). 

The profile in Figure 7 suggests that L is rather irregu- 
larly distributed with depth. Before this conclusion is ac- 
cepted consideration must be given to two special circum- 
stances that have made it difficult to determine true values of 
L over 04.26 km and 0.55-1.04 km, respectively. 

Most of the samples from the 0-0.26 km interval are from 
pillowed flows and contain mostly fine grained (55pm) al- 
tered titanomagnetites. These magnetites are usually gray 
and are surrounded by red stained silicates. However, curved 
cracking, recognized elsewhere as evidence for low tempera- 
ture alteration, is absent from these grains. Since the Johnson 
and Hall (1978) scale in L depends largely on the presence of 
these cracks, and the degree in which they widen and become 
filled with secondary phases, it has not been possible to clas- 
sify the CY-1 samples using this scale. However, it has been 
demonstrated that cracking is a grain size related process, 
and does not occur in grains of 5 5  pm. An alternative means 
of estimating degree of low temperature alteration is through 
Curie temperature. If the original composition of these CY- I 
titanomagnetites was close to that of MORB and many other 
basalts, where 0.60 5 x 5 0.65 in (I - x)Fe304.Fe2Ti04, then 
the observed Curie temperatures of 450-550°C imply lev- 
els of z, degree of cation deficiency, in excess of 0.95. Such 
a high level of cation deficiency, which is the fundamen- 
tal process involved in low temperature cxidation, would be 
consistent with the gray colouration and evidence for exten- 
sive expulsion of iron from the oxides into the surrounding 
silicates. The appropriate value of L in these circumstances 
would be 4 or higher (e.g.) Johnson and Hall, 1978, Plate 4, 
rather than the conservative value of between 1 and 2 shown 
in Figure 7. If this icterpretation is correct, a zone of high L 
extends from the surface to 0.26 km. 

Below 0.26 km prima~y titanomagnetite is generally brown 
rather than -gray, and adjacent silicates are not red stained. 
A number of samples contain larger grains which do show 
curved cracking. This combination of properties is consistent 
with moderate L values on the Johnson and Hall scale, even 
where fine grained magnetites fail to show curved cracking. 

Below 0.55 km depth, strong hydrothermal alteration and 
secondary magnetite formation are widespread. Both of these 
processes are likely to obscure earlier low temperature oxi- 
dation. For this reason, the values of L shown for samples 
below this depth should be considered as minima. 

4. Secondary Reconstruction of Magnetite, SR 

This alteration process is apparently a form of thermal meta- 
morphism arising from repeated dyke intrusion. Evidence 
from Cyprus and elsewhere suggests that it is important where 
highly lhydrothermally altered volcanics contain over 30% of 
minor intrusions (Hall and Fisher, 1987). The term recon- 
struction describes the partial or complete pseudomorphing 
of primary titanomagnetites by nearly pure, stoichiometric 
secondary magnetite. During this process impurities such 
as anatase and sphene resulting from hydrothermal alteration 
tend to be expelled from grains, and curved cracking resulting 
from low temperature alteration tends to be healed. Various 
styles of and stages in reconstruction are illustrated in Hall 
and Fisher, 1987. 

In the CY-I ICY-IA sequence reconstruction is absent 
above 0.53 km, with the exception of the uncertain identi- 
fication of a minor development, together wit!i some cavity 
linings, at 0.08 km. The importance of reconstructed mag- 
netite generally increases over the 0.53-0.83 km interval, be- 
low which i t  is the only form of magnetite in most samples. 
Both dykes and screens of extrusives contain reconstructed 
magnetites with no apparent preference for development in 
either lithology. 

5. Secondary Magnetite Overgrowths, So 

This type of secondary magnetite development has the form 
of clearly defined SM overgrowths that partly mantle altered 
primary grains. While this type of SM is fairly common 
elsewhere (e.g. Hall, 1985), in the CY-I ICY-IA profile i t  
only occurs in a small number of samples within the short 
depth interval between 0.65 and 0.72 km. 

6. Ratio, R 

This parameter combines the various forms of secondary mag- 
netite and compares the total area of SM with that of altered 
prirnaly magnetite in a sample. The parameter, ratio, is de- 
fined as: 

C secondary magnetite - C primary magnetite 
R = " - 

Z secondary magnetite + C primary magnetite 

With this definition, R can range from + I  .a0 (all primary 
magnetite) to - 1.00 (all secondary magnetite). 
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Since the reconstructed form of secondary magnetite domi- 
nates the occurrences of SM, the form of the depth distribution 
of R closely follows that of SR: R = +1.00 occurs for all but 
one sample above 0.53 km. A transition zone characterized 
by scattered but clearly decreasing average R occurs between 
0.53 and 0.83km. Below 0.83km, 18 of 22 samples have 
R < -0.90. 

7. Martitic Alteration, SM 

The distinctive martitic type of alteration of magnetite con- 
sists of lamellae of hematite aligned on octahedral planes in 
the host magnetite. This type of alteration, which is well de- 
veloped within the Sheeted Complex of the ophiolite, shows 
minor development in only one sample, at 0.93 km depth, in 
the CY-1 ICY-IA profile. 

8. Secondary Hematite, SAI-~ 

Patchy alteration of SM to hematite is a second form of oxida- 
tion of SM found in the CY-1 ICY-IA profile and elsewhere 
in the Basal Group and Sheeted Complex of the ophiolite. 
SAH is a minor feature of SM in the 0.53-0.58 km interval 
and is present in a sample at 0.7 km depth. It becomes an 
important feature of SM below 0.77 km where it is present in 
most samples, quite frequently at high levels of development. 

SUMMARY AND DISCUSSION 

A number of the depth distributions described above show 
property changes at similar depths. Thus, Jo, k and Js all 
show gradients, with average values increasing with depth 
over the upper part of the section. These zones characterized 
by gradients terminate at between 0.45 and 0.60km depth. 
Over this interval MDF and Tc show several segments, each 
with well defined, but different, depth trends. MDF decreases 
with depth to0.45 km, and then shows uniform low values to 
0.6 km while Tc decreases with depth to 0.26 km, then shows 
double Curie temperature behaviour to 0.41 km, below which 
single Tc increase with depth to 0.63 km. 

This uppermost, -0.5 km, zone, is characterized by the ab- 
sence of titanomagnetite deuteric oxidation and of hydrother- 
mal alteration above 0.3 km, below which these properties 
increases to moderate average values by 0.6km. Low tem- 
perature oxidation is probably Iiigh to -0.26 k m  below which 
only scattered moderate values occur. Secondary magnetite 
and secondary hematite are essentially absent in this upper- 
most, 0.5 km, zone. 

Below 0.45-0.60km, the average values of Js and k are 
similar to values for the uppermost zone but the distributions, 
consisting of broadly scattered values with no depth trends, 
are quite different from the well confined trends of the upper- 
most zone. Jo shows a remarkable transition at 0.56 km depth 
from broadly scattered values ranging up to 800 x cgs 
above this depth to closely confined values with rare exception 

< 35 x cgs. Below 0.60 krn MDF is scattered with a sug- - 
gestion of slow, irregular increase with depth. Below 0.63 km 
Tc is with rare exception confined without depth trend to a 
narrow band about 580°C. This lower zone is characterized 
by the increasing deuteric oxidation of titanomagnetite, rather 
uniform Moderate to high levels of deuteric oxidation and 
scattered but often low (or indeterminate) values of low tem- 
perature oxidation. A striking feature of this lower zone is 
the importance of secondary magnetite. A transition from 
dominant primary magnetite to dominant secondary magnetite 
(SM) occurs at between 0.53 and 0.83 km below which SM is 
dominant. A further, oxidative stage of alteration of SM is ap- 
parent from the rather widespread development of secondary 
hematite, almost always of the patchy form, particularly be- 
low 0.77 km. 

The discussion of these results will consider two questions 
at a preliminary level. Full discussion of these questions will 
appear elsewhere. These questions are: 

what are the controls on magnetic properties in the sec- 
tion? 

how do the depth distributions of properties compare 
with those in DSDP Hole 504B? 

(a) Controls on magnetic properties in the 
CY-1 I CY-LA section 

In order to identify these controls it is useful to consider the 
combined Curie temperature and oxide data. In the upper 
zone, in which low temperature oxidation is the principal al- 
teration process, the depth variation of Tc provides a quanti- 
tative indication of the intensity of this process. The 0.15 km 
thick interval between 0.26 and 0.41 km, in which double Tc's 
occur, is identified as an interval of minimum alteration, with 
alteration increasing to the surface above this inierval, and be- 
low it, possibly aided by increasing hydrothermal alteration. 
It has been widely reported that Jo is related inversely to 
the degree of low temperature alteration. On the basis of this 
association, the highest values of Jo would be expected to oc- 
cur within the zone of minimum low temperature alteration. 
The data of Figure 2 and Table 1 show that, with one ex- 
ception, all the values of Jo > 400 x cgs occur between 
0.30 and 0.44km, closely matching the prediction based on 
the Tc distribution. The decrease in MDF with depth is also 
consistent with reports in the literature of the relationship of 
this property with degree of low temperature oxidation (Ryall, 
et al., 1977). This result bears on the question of the mech- 
anism of this relationship. It might be expected that the sub- 
division of grains by curved cracking would increase MDF. 
However, since such cracking is absent from the small oxide 
grains in the upper part of the section, some other mechanism 
must be operative. The initial increases with depth of both Js 
and k are also consistent with other reports of the relationship 
between these properties and degree of low temperature alter- 
ation (Ryall et al., 1977). However, the continued increase in 
these properties where alteration increases again with depth 



.I.M. Hall et al. 

over the 0.41-0.63 km interval (Figures 6 and 7) appears to 
require a different explanation. The occurrence of a similar 
increases with depth in Icelandic rocks has been interpreted 
in telms of the phase splitting of titanomagnetite during in-  
creasing hydrothermal alteration (Hall, 1985, page 99). 

The widespread importance of nearly pure and stoichio- 
metric SM at below -0.53 km appears to provide explanation 
for the magnetic properties below this depth. The process of 
the reconstruction of altered primary oxides by SM involves 
the partial or complete expulsion of impurities such as sphene 
and anatase from grains, and the healing of physical breaks in 
grains marking the sites of fonner lamellae or cracks. Vari- 
ous stages in these processes are illustrated in Hall and Fisher, 
1987. These processes will all have the effect of increasing 
effective grain size, often from the 1-10 ym range to several 
tens of microns. This increase will probably change tlie do- 
main state of grains from the pseudo single domain to the 
multidomaili category. In turn, this change may be expected 
to markedly reduce the ability of grains to retain remanence, 
which is consistent with the sharp drop in Jo at below 0.5 1 km 
while high average levels of k and Js indicate that magnetite 
is still relatively abundant. The change from rather well con- 
fined depth trends to scattered values of k and Jo with the 
onset of abundant SM could be tlie result of spatially variable 
replacement of highly leached primary magnetites by SM. 

(b) Comparison of CY-11 CY-1A and DSDP Hole 504B 
magnetic property depth distributions 

DSDP Hole 504B (Anderson et al., 1982) provides tlie only 
continuous section from it in situ oceanic crust that is com- 
parable in depth with the CY-1 /CY- IA profile. The 504B 
section as of July, 1986 extends to close to 1.05km, es- 
sentially identical with the CY-I ICY-1A section. From the 
basement surface to 0.57 km the 504B section consists al- 
most entirely of extrusives (0.56 km in CY- l ICY- I A) below 
which a 0.2 km transition interval occurs in which dyke den- 
sity rises shat-ply (0.2 km in CY-I ICY-1 A). Below .79 km 
constructional conditions in the two sections are thought to 
differ. A sheeted dyke complex is thought to occur be- 
low this depth in Hole 504B while a very gradual transition 
to sheeted dyke conditions, extending over 2.3 km, begins 
in the CY-I ICY-IA section. It is necessary to point out 
that supposition of sheeted dyke conditions below 0.79 km in  
Hole 504B is based on 21% core recovery and the results 
of geophysical logging. A possible alternative interpretation 
of the Hole 504B data is that this lower part of the sections 
consists of alternating massive flows and dykes, as is tlie case 
in the CY-1 /CY-IA section. Alteration in the Hole 504B 
section is of low temperature type to about 0.89 km, at which 
depth there is a rapid increase to greenschist conditions. 

Extensive compilations of magnetic property data for the 
Hole 504B profile are reported in various chapters of An- 
derson, et al. (1985), allowing extensive comparison with 
the CY-I ICY-] A data (Figure 9). Some oxide data is also 
available for Hole 504B samples, but this is generally at a 

much lower density with less complete description than for 
CY-I /CY- IA, so generally precluding useful comparisons. 

The depth distributions of k and Js in Hole 504B 
show resemblance in form to CY- 1 ICY- IA distributions. 
Thus, k shows regular increase in average value with 
depth from -4 X l ~ - ~ c g s  at that sediment-volcanic in- 
terface to -18 x 10-~cgs  at 0.55km while the increase 
in the CY-I ICY-!A profile is from -10 X lO-*ccgs to 
-40 x lom4 cgs. In Hole 504B Js increases from 0.6 cgs 
to 1.5cgs over this interval while the increase in the 
CY- I / CY- lA profile is from 0.7 cgs to -2.0 cgs. Below 
0.55 km both properties show scattered values without any 
recognizable trend with depth. 

In contrast with the CY-I ICY-IA profile, Jo in the Hole 
504B profile does not show an incr-ease with depth over the 
uppermost -0.5 km. Instead, average values are scattered 
about -70 x cgs from tlie sediment-volcanic interface 
to 0.4 to 0.5 km, below which values fall to low levels of 10 
to 30 x lop4 over a 0.2 km interval. 

The Curie temperature distribution differs from the 
CY-I ICY-IA at above 0.55 km, below which the distri- 
butions are apparently rather similar. From the sediment- 
volcanic interface to 0.25 km in Hole 504B Tc is closely con- 
fined about an average value of -380°C with no trend with 
depth. From 0.25 km to 0.55 km Tc is more scattered, but 
maximum values show an increase with depth from --380°C 
at 0.25 km to -500°C at 0.55 km. Below 0.55 km Tc I-anges 
from 430°C to 590°C, with the majority of values in tlie 
570°C to 590°C interval, and no trend with depth. 

It is difficult without detailed oxide data to account for 
the similarities and differences above 0.55 km between the 
two profiles. While oxide infolination is also most desirable 
below this depth, the magnetic properties show closer resem- 
blance between the two profiles. In this circumstance it is 
reasonable to suggest that SM formation becomes important 
at below 0.55 km in tlie Hole 504B section, and that it would 
be valuable to examine polished sections to seek its presence. 
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DSDP Site 5046 

Figure 9: DSDP Hole 504B. Distributions with depth of magnetic properties. Values of k ,  Jo, and Js are averages 
(& 1 standard deviation) For 100 m depth intervals. Values of Tc are for individual samples, where available. Values 
of  ST, inclination of stable remanance, are cooling unit average values. (Data from various reports in Anderson, 
et al., 1985.) 
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Abstract 

The CY-I and 1A boreholes provide together 1185 m of section through the extrusive series of the Troodos 
ophiolite. The average recovery rate was 94%. Analysis of the recovered samples and the surrounding geology 
of the Akaki River canyon allows for the division of the extrusive section into approximately ten volcanic units 
which were developed during a series of volcano-tectonic-hydrothermal cycles. The extrusive rocks are variably 
altered, depending upon their permeability and local geothermal gradients. Alteration varies from halmyrolysis 
to incipient greenschist facies metamorphism. The alteration profile clearly affects the physical properties of 
the rocks. The Troodos volcanics were erupted in a supra-subduction zone environment as demonstrated by 
their depleted geochemical composition. Comparisons of geochemistry and physical properties of the extrusive 
section of the Troodos ophiolites and available sections of in sit14 ocean crust are possible. The comparisons 
suggest that the ophiolite model for the accretion of oceanic lithosphere at present day spreading centres needs 
further support from deep ocean drilling. 

Les trous de forage CY-I et 1A offrent un total de 1185 mktres de coupe 2 travers les stries extrusives de 
l'ophiolite de Troodos. Le taux moyen de rtcuptration Ctait de 94%. L'ttude des tchantillons rtcuptrts 
et la gCologie environnante du canyon du fleuve Akaki permet de diviser la section extrusive en dix unit& 
volcaniques environ, qui ont Ctt formCes au cours des series de cycles volcano-tectonique-hydrothermale. 
Les roches extrusives sont intgalement alttrtes selon leur permtabilitt et les gradients gtothermiques locaux. 
Les alterations varient de l'halmyrolysis 2 un mttamorphisme naissant vers le facibs schiste vert. Le profil 
d'alttration a une incidence trbs claire sur les propriCtCs physiques des roches. L'truption des roches volcaniques 
de Troodos s'est effectute dans le contexte d'une zone de super-subduction, tel que le dtmontre leur composition 
gtochimique appauvrie. Les comparaisons de la geochimie et le proprittts gtochimique de la section extrusive 
des ophiolites de Troodos ainsi que les coupes disponibles des croates oceaniques in situ sont possibles, et elles 
rkvblent que le modble ophiolite de I'accrCtion de la lithosphkre ocCanique aux centres d'expansion actuels doit 
Ctre appuy6 par de plus amples preuves provenant de forages octaniques profonds. 
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Figure 1: Idealized stratigraphic section of the Troodos 
ophiolite showing the relative depths of penetration of 
CCSP Borcholes. 

INTRODUCTION 

The Cyprus Crustal Study Project was a combined field and 
research drilling investigation of the Troodos ophiolite. The 
goal was to develop a three-dimensional picture of the ophio- 
lite in order to understand better its internal geometry, lithol- 
ogy, and structure. From these data, we hoped to gain a 
better knowledge of the origins of ophiolites, the processes 
involved in the generation of ocean lithosphere, and the de- 
gree to which the ophiolite model can be applied to irt situ 
ocean crust. The original plan called for three boreholes into 
the Troodos massif, one extending from the top of the lavas 
to the base of the Sheeted Complex, one from the base of the 
dykes to the base of the gabbros, and one beneath a copper 
sulphide orebody to sample a hydrothermal upwelling zone 
(Figure 1). Operational and financial constraints led to a mi- 
nor modification of this scheme. Holes CY-l and CY-IA 
together sampled the extrusive section and the upper part of 
the Sheeted Complex, whereas hole CY-4 sampled the lower 
parts of the Sheeted Complex and most of the plutonic sec- 
tion (Gibson et al., 1989). Holes CY-2 and CY-2A penetrated 
the.stockwork zone beneath the Agrokipia orebody (Robinson 
et al., 1987). Hole CY-3, originally intended to sample the 
middle portion of the Sheeted Complex, was not drilled. 

When the Cyprus Crustal Study Project was initiated, 
most geologists considered ophiolites to be representative of 
in sit11 ocean lithospliere formed at mid-ocean ridges although 
a few petrologists had pointed out significant geochemi- 
cal differences between some ophiolite lavas and MORB 
(e.g. Miyashiro, 1973; Pearce, 1975; Cameron et al., 1980; 
Alabaster et al., 1982). In Troodos, the extrusive sequence 
had bee0 divided into the Upper Pillow Lavas and Lower 
Pillow Lavas, but the nature and location of the boundary 
between the two was equivocal. Some workers considered 
the distinction to be largely compositional, whereas others 
suggested that the two were separated by a metamorphic dis- 
continuity. Generally, the volcanic rocks were thought to 
be highly altered and three subhorizontal metamorphic zones 
were recognized with zeolite facies rocks overlying those of 
greenschist facies which, in turn, passed downward into those 
of amphibolite facies. The rocks were thought to be too highly 
altered to yield reliable geochemical data on their origin. 

Holes CY-I and IA were designed to complement field 
studies of the extrusive sequence and to resolve some of the 
most important outstanding geological questions. Specific 
questions to be addressed included: ( 1 )  What is the struc- 
ture of the extrusive section? (2) What is the nature of the 
lava-dyke transition? (3) What geochenlical variations exist 
in the Troodos lavas? (4) I-Iow does alteration of the lavas 
and dykes vary wit11 depth? and (5) How do the physical 
and magnetic properties of the lavas and dykes compare with 
those of in si t r~  ocean crust? 

Hole CY-I was spudded at the top of the lava pile in the 
Akaki River canyon about 1 km north of the village of Mal- 
ounda. Field mapping in the area revealed the presence of 
approximately ten litliologic units (Schmincke et al., 1983; 
Schmincke and Bednarz, 1990), and demonstrated that the 
lavas had not been pervasively altered but rather contain fresh 
volcanic glass (Robinson et a]., 1983). The entire sequence 
dips gently to the north and these are few major structures in  
the area. 

We had hoped to penetrate the entire lava sequence in a 
single hole but poor hole conditions required termination of 
Hole CY-1 at a depth of 485 m. This hole penetrated the up- 
per part of the extrusive section with a recovery of 92% and 
included the previously defined boundary between the Upper 
and Lower Pillow Lavas. Later, Hole CY-IA was spudded 
about 1 km farther south so as to provide about 50 m of strati- 
graphic overlap with the base of Hole CY-1 (Figure 2). This 
hole penetrated 700m with approximately 96% recovely and 
sampled the lower part of the extrusive section and the upper 
part of the dyke complex. Thus, a complete lava stratigraphy 
was sampled. Data obtained from study of the core material, 
as well as from exposed sections, have provided answers to 
most of the questions posed. Here, the results will be dis- 
cussed under four headings: (1) physical volcanology of the 
ocean crust, (2) geochemist~y of the extrusive rocks, (3) pat- 
terns and processes of alteration in the extrusive section, and 
(4) physical properties of ocean crust. 
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Figure 2: Schematic representation of tlle geology of 
the Akaki River canyon in the vicinity of the CY-I and 
1 A boreholes. 

PHYSICAL VOLCANOLOGY 
OF THE OCEAN CRUST 

Examination of the physical volcanological characteristics of 
the extrusive rocks of the Troodos ophiolite allows for sev- 
eral comparisons to be made between the Troodos magmas 
and tholeiitic MORB. Firstly, a higher volatile content of the 
Troodos lavas compared to MORB is indicated by their gen- 
erally much higher vesicularity (Schmincke et al., 1983). It 
might be argued that the high vesicularity was related to ex- 
trusion at shallow depths although this not likely since water 
depths have been estimated at 2000m from the nature of the 
overlying sediments (Robertson, pers. comm. in Schmincke 
and Bednarz, 1990). The high glass content of many of the 
Troodos volcanic rocks is probably due to the exsolution of 
volatiles and tlie concornmittant sudden rise of the solidus 
of the cooling lava. Secondly, the Troodos lavas include a 
greater proportion of differentiated rock types relative to mid- 
ocean ridge spreading centres. It is difficult to assess the ef- 
fect of increased silica on the eruptive viscosity of tlie lavas, 
since this was likely offset by the higher volatile contents 
which would tend to make the lavas less viscous. However, 
the fact that significant amounts of more differentiated rocks 
were erupted suggests magma fractionation in small cham- 
bers, with infrequent introduction of new magma batches. 

The total thickness of extrusive rocks in the Akaki canyon 
is some 1200m, but this may be an underestimate due to the 
unknown offset on a number of faults which cut tlie section. 
The thicknesses of the volcanic units identified by Sclimincke 
et al. (1983), vary between 50 and 400m, the units being 
defined on the basis of similar physical characteristics and 
lithologic type. Boundaries are drawn where there are abrupt 
changes in these features. However, different lithologic types 
may grade into each other within any one unit, suggesting a 
gradual change in eruptive conditions. 

Figure 3: Field sketch of the east bank or the Akaki 
River canyon in the vicinity of Malounda village show- 
ing the thickening of sheel flow lavas adjacent to syn- 
volcanic normal faults. (After Schrnincke and Bednarz, 
1990). 

Schmincke and Bednarz (1990) consider that the volcanic 
units were erupted relatively quickly. Clearly, tlie time in- 
tervals between the emplacement of individual units must 
have been relatively short because there is very little sedi- 
ment deposited in intervolcanic periods. The volcanic rocks, 
including alternating pillowed flows and sheet flow sequences, 
appear to have been erupted within a faulted terrain; indeed 
many faults were clearly active during eruption. These oc- 
cur as synvolcanic symmetrical growth faults, with displace- 
ments of a few metres. Sheet flows thicken against the scarps 
of down-dropped blocks (Figure 3). The continuation of ex- 
tensional faulting after eruption of lava resulted in open fis- 
sures which increased the permeability of the crust. Circula- 
tion of seawater and hydrothermal solutions through the frac- 
tures pervasively altered and cemented breccia and rubble and 
the lavas lining the conduits. Subsequently, new eruptions 
sealed off much of this circulation and completed one cycle 
in the volcano-tectonic-hydrothe~mal sequence. (Schmincke 
and Bednarz, 1990). Several of these cycles, not always fully 
developed, overlie one another in the Akaki River section. 

GEOCHENIISTRY OF THE 
EXTRUSIVE ROCKS 

One of the prime objectives of the Cyprus Crustal Study 
Project was to determine the magmatic evolution of the Troo- 
dos ophiolite. Lava geochemistry is one of tlie best guides 
to magmatic evolution, but the extrusive rocks of Troodos 
were considered too altered or metamorphosed to provide reli- 
able compositional data. During field studies prior to drilling, 
fresh volcanic glass was discovered throughout tlie extrusive 
sequence, indicating an absence of pervasive metamorphism 
(Figure 4). On the basis of glass compositions, two distinct 
lava suites were recognized on the northern flank of Troodos 
(Robinson et al., 1983; Sclimincke, et al., 1983). An early 
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Figure 4: (a) Glassy selvage preserved on aphyric pil- 
low lava; (b) Glassy chilled margin preserved on dykc 
cutting palagonitized hyaloclastites. 

suite of arc-tholeiites, ranging from basalt to rhyodacite, un- 
derlies and interfingers with a sequence of depleted lavas, 
ranging from picrites to andesitic basalts. (A third sequence 
of even more highly depleted lavas was later recognized on 
the southern flank of Troodos by Mehegan, 1988). 

In the Margi area, these two major suites correspond to the 
Upper and Lower Pillow Lavas as defined by Bear (1960), 
but elsewhere their stratigraphic relationships are less clear 
due to poor field exposures, structural complexity and incom- 
plete sampling. Holes CY-1 and 1A provide a nearly contin- 
uous section through the lavas, allowing the high resolution 
sampling required to determine the precise relationship be- 
tween the different lava suites. The geochemical data set for 
Holes CY- I and 1 A includes major element data from vol- 
canic glasses (Mehegan, 1988) and major and minor element 
data from bulk rocks samples (this volume). This data set was 
evaluated with cluster analysis, which resulted in the identifi- 
cation of two major magma groups (Mehegan and Robinson, 

this volume). These major magma groups (A and B) can be 
further subdivided into five subgroups (Al,  A2, B1, B2 and 
B3) on the basis of trace element chemistry, each represent- 
ing an important magma type. Subgroup A2 is distinguished 
from A I primarily on the basis of lower Zr and T i02  contents 
whereas, subgroups B 1, B2, and B3 differ chiefly in their Cr 
and Ni contents. 

All of the analyzed lavas in Hole CY-1 belong to group B 
and there is a regular repetition of subgroups BI and B2 
downhole (Mehegan and Robinson, this volume). Lavas of 
subgroup B2 are most abundant near the top of the section 
where they are intercalated with thin layers of picrite belong- 
ing to subgroup B3. 

In Hole CY- I A, the lava stratigraphy is partly obscured by 
three major dyke swarms, but most of the section consists 
of Group A lavas. Both subgroups A1 and A2 are present 
and these alternate downhole. Lavas of subgroup A2 are 
most abundant in the upper part of the hole, whereas those 
of subgroup A2 dominate below about 185 m (Mehegan and 
Robinson, this volume). Group B lavas occur in two inter- 
vals; &I5 m and 115-165 m. The uppelmost group B lavas 
are olivine-phyric rocks, with high-Cr contents characteris- 
tic of subgroup B3. Between 115 and 165 m, aphyric lavas 
of subgroups B1 and B2 alternate with each other. A thin 
layer of A2 lava is intercalated with the group B lavas in this 
interval. 

Group A and B lavas cannot be linked by any simple 
fractionation scheme and are believed to represent separate 
parental melts (Tamey and Marsh, this volume; Mehegan, 
1988). Major element variations within these groups can be 
modelled by limited crystal fractionation, but trace element 
data suggest the presence of several small, discrete subgroups. 
Thus, the available data suggest that the rocks were fed from 
a number of small, unique magma supply systems rather than 
by a single continuously evolving chamber. This is particu- 
larly obvious from the lava stratigraphy in the Margi area to 
the east of the Akaki canyon. Here, lavas of Group B affinity 
include picritic pillows and massive flows, with concentra- 
tions of olivine phenocrysts that have clearly been controlled 
by gravitational settling, either within the flows tllemselves 
or within high level magma chambers prior to eruption. The 
geochemical stratigraphy described by Bailey et al. (this vol- 
ume) clearly supports the model of small, independent magma 
chambers feeding the volcanic rocks. 

All of the Troodos lavas have a clear supra-subduction zone 
signature characterized by very low contents of high field- 
strength elements. Thus they are believed to have formed 
by hydrous partial melting of depleted upper mantle material. 
Once formed, the magmas of Groups A and B followed gen- 
erally separate evolutionary paths and maintained their dis- 
tinct compositional identities. Although most Group A lavas 
are found in the lower parts of the extrusive sequence and 
most Group B lavas in the upper parts, the two interfinger at 
various stratigraphic levels. The available data suggest that 
both lava types were erupted during spreading and were in 
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part consanguineous, i.e. the Upper Pillow Lavas are not a 
post-spreading, off-axis sequence. 

PATTERNS AND PROCESSES OF 
ALTERATION IN THE EXTRUSIVE 
SECTION 

Early workers in Troodos were impressed by the abundance 
of secondary minerals and the obvious colour variations in 
the lavas, and concluded that all the extrusives were highly 
altered. Smewing (1975) and Gass and Smewing (1973) re- 
defined the Upper Pillow LavaJLower Pillow Lava boundary 
as a metamorphic facies change. The Upper Pillow Lavas 
were believed to be affected by zeolite facies metamorpliism, 
whereas the Lower Pillow Lavas and much of the Sheeted 
Complex were thought to have undergone pervasive green- 
schist facies alteration. Gass and Smewing (op cit) thus in- 
terpreted the Lower Pillow Lavas and underlying dykes as 
an 'axis sequence,' whereas the Upper Pillow Lavas were 
thought to have formed 'off-axis.' 

The discovery of fresh volcanic glass throughout the extru- 
sive section indicates that the lavas have not been pervasively 
metamorphosed and that the processes of alteration were more 
complex than originally believed. Gillis (1987) and Gillis and 
Robinson (1988) concluded that permeability was the princi- 
pal factor controlling alteration in the lavas and that temper- 
ature gradients, bulk rock composition, and lithologic nature 
of the units were of secondary importance. They recognized 
five alteration zones in the extrusive sequence which vary 
widely in lateral extent and thickness. At the top of the se- 
quence is a zone of oxidation alteration called the Seafloor 
weathering Zone, in which the rocks are stained red, yellow 
and brown. This zone reflects downward percolation of sea- 
water and is thickest where the lavas have been exposed the 
longest on the seafloor. Where the lavas were sealed quickly 
by the deposition of synvolcanic umbers, the seafloor weath- 
ering zone is thin or missing, and fresh volcanic glass occurs 
at the top of the sequence ( e.g. in the Margi area). In other 
areas, this zone may be several hundred metres thick. Be- 
low the Seafloor Weathering Zone is a sequence of darker 
coloured lavas in which vesicles, fractures, and interpillow 
spaces ar; filled with mixtures of clay minerals, zeolite, and 
minor carbonate. In this Low Temperature Zone, alteration 
is highly variable and is believed to reflect the penetration of 
cold seawater into the crust during early hydrothesmal circula- 
tion. The Low Temperature Zone is underlain by a Transition 
Zone, characterized by higher temperature zeolite such as lau- 
montite and higher percentages of interlayered clay minerals. 
This in tuin passes downward into the Upper Dyke Zone, 
in which higher temperatures are indicated by assemblage of 
chlorite, epidote, sphene, and albite. The Upper Dyke Zone 
is believed to represent hydrothesmal alteration at tempera- 
tures of 200-400°C. The Transition Zone is interpreted as a 
boundary between relatively hot hydrothermal fluids at depth 
and relatively cold seawater above. 

Most of these zones are represented in tlie drill core from 
Holes CY-I and 1A. The Seafloor Weathering Zone is present 
in the upper parts of Hole CY-I. The exact thickness of 
this zone is equivocal. Gillis and Robinson (this volume) 
place the lower boundary at 275 m but Bednarz et al. (this 
volume) suggest that a transition zone exists between 240.0 
and 336.9 metres, in which the effect of low temperature hy- 
drotliemal alteration has been overprinted by cold-seawater 
alteration associated with seafloor weathering. This Seafloor 
Weathering Zone is characterized by secondary assemblages 
including smectite, Fe-hydroxides, calcite, and adularia with 
minor amounts of zeolite (Gillis and Robinson, this volume; 
Bednarz et al., this volume; Kurnosov et al., this volume). 
The most pronounced chemical changes in this zone are K20 
enrichment and Na20 depletion, reflecting replacement of the 
plagioclase by adularia. CaO is variable, commonly showing 
depletion in individual samples but enrichment over larger 
intervals, reflecting an abundance of calcite veins and inter- 
pillow limestones. ~ e " / ( ~ e ~ +  + ~e")  ratios average about 
0.7-0.9, reflecting the oxidizing effects of seawater (Bednarz 
et al., this volume). Temperatures in this zone were probably 
close to ambient seawater and waterlrock ratios were very 
high (> 100). 'The underlying Low Temperature Zone extends 
to a crustal depth of about 700m (about 270m in CY-IA). It 
is characterized by an abundance of zeolite, particularly anal- 
cime, smectite, and celadonite. Plagioclase is mostly fresh, 
although some albitization occurs below about 175 m in Hole 
CY-1A. Most volcanic glass lias been altered to smectite 
or celadonite but fresh glass is abundant locally. The main 
chemical effects of alteration in this zone are enrichment in 
NazO and MgO, reflecting the presence of albite and smec- 
tite, respectively. K20 is locally enriched where celadonite 
is abundant (Bednarz et al., this volume). Temperatures were 
probably less than approximately 170°C and waterlrock ra- 
tios were relatively high (>20), but not as high as in  the 
overlying Seafloor Weathering Zone (Bedna~z et al., this vol- 
ume; Gillis and Robinson, this volume). 

Most of the lower part of Hole CY-IA has been affected 
by higher temperature hydrothermal alteration of the Upper 
Dyke Zone. Mineral assemblages are dominated by chlorite, 
epidote, sphene, and albite. Significant enrichment in Na20, 
and depletion in K20 and CaO, reflect the pervasive albiti- 
zation. Temperatures are estimated to have been <350°C 
and watertrock ratios on the order of 15 or less (Bednarz 
et al., this volume). In this zone, the section is cut by a se- 
ries of dyke swarms which are believed to have raised the 
temperature and caused a local stepped geotl~ermal gradient 
(Gillis and Robinson, this volume). 

Although there are some difference in the style and nature 
of alteration between the Troodos lava and those of in sitrr 
ocean crust, similar alteration zones can be recognized in both 
(Gillis and Robinson, 1988). Thus, we believe that the data 
from the Troodos ophiolite can shed considerable light on 
present-day active hydrothesmal systems in the ocean crust. 
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PHYSICAL PROPERTIES OF THE 
OCEAN CRUST 

Holes CY-1 and CY-IA together provide a reference sec- 
tion of approximately 1200m through equivalents of ocean 
seismic layers 2A and 2B, and possibly 2C (Houtz and Ew- 
ing, 1976). Lithological types identified in the core include 
pillow lavas, massive flows, and dykes. A number of physi- 
cal properties were measured on core samples and compared 
directly to those from Hole 504B of the Deep Sea Drilling 
Project, the only hole in in situ ocean crust that compares in 
depth with the CY-1/1A profile. These properties are: com- 
pressional and shear wave velocities (Vp and Vs), saturated 
bulk density (s) and grain density (g), porosity (Q), electri- 
cal conductivity (o), intensity (JNRM) and inclination (INRM) 
of remanent magnetization, and magnetic susceptibility (x).  
Poisson's ratio, Archie's exponent (m) and Koenigsberger ra- 
tio (Qn) were subsequently derived. 

On the basis of laboratory measurements, three units have 
been recognized within the core, with a gradational contact 
between the upper and middle units at 165-260m depending 
upon the physical property measured, and a sharp, faulted 
contact between the middle and lower units at 750m. Tlie 
gradational contact between the upper and middle units is of 
particular interest. It is thought to reflect the extent of halmy- 
solysis, or  seafloor weathering of the samples. Halmyrolysis 
decreases with depth to 260111, below which seafloor weath- 
ering gives way to zeolite facies alteration. Since weathering 
affects different physical properties of the rocks to different 
degrees, the contact between upper and lower units cannot 
be defined in a simple fashion. Essentially, however, the 
upper unit is characterized by relatively steep gradients in 
physical propesties; an increase in seismic velocities, NRM 
intensity and susceptibility, and a decrease in porosity and 
electrical conductivity with depth. The middle unit is char- 
acterized by moderate gradients in physical properties; in- 
creasing density, seismic velocities, and magnetic suscepti- 
bility, decreasing porosity and electrical condudtivity, and lit- 
tle change in NRM intensity with depth. The lower unit, 
which consists predominantly of dykes, also shows signifi- 
cant differences in physical parameters. The sharp, faulted 
contact with the overlying unit is marked by a slight increase 
in density and velocities, accompanied by slight decreases 
in porosity, conductivity, and NRM intensity. Density, ve- 
locities, and susceptibility continue to increase and porosity 
and conductivity to decrease with depth. Smith and Vine 
(this volume) equate the three units with lithological zones 
displaying halmyrolysis, zeolite facies, and greenschist facies 
metamorphism, respectively. However, the model of a simple 
ho~izontal metamorphic stratigraphy is not entirely applicable 
to the Troodos crust, as explained above. By comparison with 
physical propelly measurements made on in situ ocean crust 
from DSDP Hole 504B, there is a possible analogy between 
the upper, middle and lower units of the Troodos section and 
ocean seismic layers 2A, 2B, and 2C. The analogy is not 

very satisfactory, however, since velocities and densities in 
the Troodos crust are anomalously low, and porosities and 
conductivities anomalously high. Indeed, the upper I km of 
the Troodos crust provides only a poor comparison with ma- 
ture ocean crust in terms of the absolute values of its various 
physical characteristics. 

CONCLUSIONS 

The Cyprus Crustal Study Project of the International Crustal 
Research Drilling Group has provided an opportunity to rein- 
vestigate a range of problems associated with the Troodos 
ophiolite. It appears clear now that the ophiolite was pro- 
duced in a supra-subduction zone environment at a consum- 
ing plate margin by crustal extension above the down-going 
lithosphere slab. Ocean crust was produced by processes in 
multiple magma chambers which, for the most part, developed 
independently of one another and which contained magmas 
derived by partial melting of mantle sources with different de- 
grees of depletion. These magma chambers erupted volcanic 
rocks above a sheeted dyke complex at a series of spread- 
ing axes now recognized on the basis of dyke domains. The 
ocean crust sepresented by the Troodos ophiolite was altered 
extensively at the level of the sheeted dykes, but to a lesser 
extent and only locally in the extrusive complex. 

Troodos has long been regarded as a classic example of 
the ophiolite assemblage. The fact that it originated in a 
supra-subduction environment begs the question of its cor- 
relation with ocean crust formed at present day mid-ocean 
ridges. Physical property measurements do not support a 
close analogy with mature ocean crust. However, in terms 
of the processes of crustal accretion, despite geocliemical and 
physical property differences, the ophiolite model is still the 
best available, especially where spreading rates are low. Con- 
clusive proof is obviously required by deeper drilling of in sit14 
ocean crust. 
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Major Element and Trace Element Analytical Data: Cyprus 
Crustal Study Project Holes CY-1 and CY-1A 

Major element and trace element analytical data: Cyp1.u~ Crustal Study Project Holes CY-1 and CY-IA; in 
Cyprus Crustal Study Project: lnitial Report, Holes CY-1 and I A ,  eds. Gibson, I.L., Malpas, J., Robinson, P.T., 
and Xenophontos, C.; Geological Survey of Canada, Paper 90-20, p. 263-283,1991. 

Abstract 

Major element data (SOz, A1203, Fe203, FeO, MgO, CaO, Na20, K20, H20+, Ti02, P2O5, MnO, C02) is 
presented for 281 samples from Hole CY-I and 187 samples from Hole CY-IA. Data are arranged according to 
sample depth, and, in addition to the analytical data, the responsible laboratory is also indicated. Comparable 
information, usually for splits from the same samples, is provided for the trace elements (Rb, Sr, Ba, Zr, 
Cr, Ni, Co, V, Th, U, Y, Pb, Cu, Zn, Ga, La, Ce), the data tables listing results for 174 samples from 
CY-I and 186 samples from CY-1A. The Laboratories are: Ruhr-Universitat Bochum, Federal Republic of 
Germany (BOCHUM); The Open University, U.K. (OU); Memorial University of Newfoundland, Canada 
(MUN); Geological Survey of Canada, Ottawa (GSC). 

Les donntes sur les 61Cments majeurs (SO2, A1203, Fe203, FeO, MgO, CaO, NazO, K20, H20+, Ti02, 
P205, MnO, C02) sont pr6sentCes pour 281 Cchantillons du forage CY-1 et pour 187 tchantillons du forage 
CY-IA. Les donnCes sont arrangkes selon la profondeur CchantillonCe, et en plus de la donnCe analytique, le 
laboratoire responsable est aussi indiquC. De I'information comparable, habituellement. pour des parties des 
m&mes tchantillons, est fournie pour les ClCments traces (Rb, Sr, Ba, Zr, Cr, Ni, Co, V, Th, U, Y, Pb, Cu, 
Zn, Ga, La, Ce), les tables de donnCes CnumCrant les rCsultats de 174 Cchantillons de CY- 1 et 186 Cchantillons 
de CY-IA. Les laboratoires sont: Ruhr-Universitat Bochum, Allemagne de I'Ouest (BOCHUM); The Open 
University, R.-U. (OU); UniversitC Memorial, Canada (MUN); Commission gdologique du Canada, Ottawa 
(GSC). 



Major Element and Tsace Elemerlt Anal.ytica1 Data 

t FeO is total iron where Fe203 is not reported. 
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Depth(m) 

19.70 

19.70 

19.70 

23.20 

23.20 

23.30 

32.30 

32.30 

32.30 

32.30 

40.40 

40.40 

40.40 

44.50 

44.50 

44.50 

44.50 

47.30 

47.30 

51.70 

51.70 

54.70 

54.70 

54.70 

57.00 

57.00 

57.00 

58.70 

58.70 

58.70 

69.10 

69.10 

69.10 

71.50 

71.50 

71.50 

74.10 

74.10 

77.40 

77.40 

77.40 

Si02 AI2O3 Fe203 FeOt MgO CnO Na2O K20 H2O+ Ti02 P205 MnO CO2 

CY I Major Elemen1 Data 

48.80 16.56 7.99 0.92 4.54 6.99 1.39 4.72 4.77 0.51 0.04 0.09 2.39 

47.42 16.39 . 8.00 4.64 6.93 1.59 4.68 . 0.52 0.03 0.08 . 
47.10 16.20 . 7.57 4.50 6.56 1.49 4.58 . 0.48 0.02 0.09 . 
45.90 14.60 8.15 1.03 3.73 7.32 0.60 7.55 4.68 0.57 0.08 0.06 5.03 

45.50 14.60 9.00 0.20 3.62 7.52 0.00 7.62 4.40 0.57 0.10 0.06 6.40 

44.90 13.70 . 7.87 3.94 7.00 0.59 7.32 . 0.52 0.13 0.06 . 
47.50 17.20 . 8.48 7.07 3.28 1.42 4.18 , 0.58 0.03 0.08 . 
49.50 18.03 8.77 1.01 7.03 3.51 1.39 4.24 6.25 0.69 0.04 0.08 0.24 

47.70 17.60 8.60 1.00 6.78 3.64 1.30 4.24 6.90 0.68 0.05 0.09 0.40 

48.53 17.75 . 8.75 6.87 3.48 1.12 4.25 . 0.70 0.00 0.08 . 
45.40 16.37 6.98 2.21 8.69 6.22 1.45 2.87 6.18 0.73 0.08 0.15 2.19 

45.33 16.50 . 8.60 8.94 6.26 1.74 0.28 0.07 0.74 0.06 0.14 . 
44.10 15.90 . 8.23 8.76 5.88 1.54 2.80 . 0.70 0.06 0.13 . 
44.10 16.20 , 7.49 6.75 5.72 1.24 4.35 . 0.69 0.08 0.1 1 . 
46.30 16.75 8.12 0.98 6.61 6.22 1.23 4.51 5.83 0.77 0.1 1 0.12 2.82 

45.71 16.56 . 8.31 6.53 6.32 1.33 4.56 . 0.78 0.12 0.1 l . 
44.70 16.50 7.50 1.50 6.59 6.39 1.10 4.59 6.20 0.76 0.13 0.12 3.30 

25.70 8.10 . 6.34 3.98 26.68 0.56 2.76 . 0.27 0.08 0.14 . 
26.80 7.92 6.79 0.62 3.97 25.81 0.51 2.81 3.08 0.29 0.13 0.14 20.16 

31.80 9.75 6.22 0.90 5.34 21.10 0.66 2.95 3.88 0.35 0.06 0.1 1 16.12 

29.80 9.94 . 6.22 5.38 21.78 0.76 2.92 . 0.34 0.04 0.12 . 
46.80 14.04 8.74 0.87 6.76 7.07 0.73 5.95 5.03 0.51 0.05 0.1 1 3.51 

44.90 13.80 8.50 1.00 6.68 7.30 0.50 6.10 5.20 0.51 0.06 0.1 1 4.20 

45.50 13.40 . 8.36 6.83 6.62 0.77 5.80 . 0.48 0.03 0.08 . 
50.20 15.24 7.85 1.15 7.49 4.08 0.96 6.00 5.65 0.58 0.02 0.10 1.13 

49.32 15.12 , 8.25 7.55 4.17 0.90 0.60 0.05 0.57 0.04 0.10 . 
48.00 14.60 . 7.57 7.57 3.89 1.06 5.78 . 0.58 0.00 0.10 . 
32.70 7.85 5.76 1.99 12.62 18.95 0.73 0.61 5.03 0.26 0.04 0.17 12.71 

30.20 7.30 5.80 1.90 11.60 19.70 0.60 0.67 5.80 0.27 0.04 0.17 15.60 

29.60 7.15 . 6.8 1 12.45 19.05 0.74 0.60 . 0.23 0.00 0.16 . 
44.00 14.00 . 7.65 6.69 8.70 1.28 3.45 . 0.50 0.07 0.09 . 
46.00 15.55 7.48 1.46 6.49 9.34 1.22 3.65 4.81 0.58 0.07 0.10 3.87 

44.00 15.70 7.30 1.40 6.48 9.37 1.50 3.69 5.10 0.58 0.06 0.1 1 4.40 

45.95 15.22 . 8.51 9.50 10.00 1.50 1.19 . 0.57 0.08 0.13 . 
43.90 14.60 . 7.94 9.48 9.12 1.73 1.15 , 0.5 1 0.03 0.12 . 
45.70 15.09 5.63 3.10 9.40 9.62 1.62 1.21 4.56 0.55 0.05 0.13 2.38 

44.70 15.40 . 7.74 6.30 7.80 1.47 3.54 . 0.55 0.03 0.1 1 . 
46.90 16.16 7.89 1.10 6.50 3.36 1.40 3.52 3.44 0.61 0.06 0.12 3.03 

42.90 14.30 6.70 1.70 7.08 10.00 1.10 3.04 5.20 0.59 0.07 0.13 3.40 

44.00 15.13 6.81 1.72 7.28 9.87 1.33 2.95 5.14 0.58 0.05 0.12 4.64 

43.48 15.32 . 7.90 7.53 9.98 1.87 2.95 , 0.59 0.04 0.12 . 



Fez03 FeOt MgO CaO Na2O K2O HzO+ 

CY I Major Element Data (continued) 

, 7.49 7.28 9.40 1.39 2.92 

8.77 0.54 6.56 5.40 1.07 5.57 5.77 

7.20 1.10 5.49 11.30 0.60 4.96 4.00 

7.72 0.75 5.60 10.82 0.98 4.88 4.31 

0.84 0.01 5.61 1.08 1.20 4.78 

5.77 1.95 5.35 16.63 1.55 2.29 2.84 

, 7.01 5.60 16.58 1.64 2.18 

5.80 1.90 5.36 17.60 1.30 2.41 2.50 

, 7.65 8.04 12.19 1.32 1.56 

6.09 2.24 8.16 12.17 1.72 1.58 3.62 

5.50 2.60 7.94 12.50 1.30 1.61 3.60 

. 7.28 8.19 11.83 1.86 1.50 

6.70 2.20 7.69 9.38 1.90 2.45 4.50 

7.39 2.06 8.20 9.19 1.57 2.39 4.52 

. 8.45 8.03 9.15 1.37 2.28 

. 8.02 8.14 8.75 1.60 2.20 

5.60 1.67 18.95 14.50 0.62 0.14 6.55 

5.20 1.90 18.30 15.10 0.30 0.17 6.80 

. 6.16 19.10 14.22 0.63 0.15 

6.12 1.87 5.73 14.81 1.51 2.81 3.19 

6.10 1.70 5.77 15.30 1.20 2.92 2.80 

3.97 3.34 5.46 13.71 1 . 1  I 3.83 3.75 

6.40 1.10 5.21 14.20 0.80 3.94 3.60 

. 8.24 7.31 1 1.40 1.53 1.85 

6.80 2.20 6.99 12.00 1.10 1.98 4.00 

7.47 1.75 7.39 11.53 1.57 1.93 4.21 

. 7.67 4.37 16.60 1.60 2.70 

6.60 1.60 4.20 17.70 1.30 2.77 2.20 

7.41 1.28 4.30 17.17 1.50 2.70 2.44 

6.20 2.00 6.47 14.60 1.80 2.17 3.60 

6.61 1.66 6.52 13.78 1.50 2.04 5.72 

, 7.21 6.70 13.69 1.60 2.05 

6.70 1.90 6.78 13.00 1.10 2.58 3.90 

, 7.37 6.95 11.93 1.50 2.44 

7.03 1.83 7.12 12.67 1.44 2.52 4.44 

. 7.96 7.07 12.56 1.37 2.45 

. 6.90 8.13 5.86 1.61 1.19 

5.83 2.04 8.16 16.28 1.55 1.20 3.08 

5.70 2.20 8.04 17.00 1.10 1.26 3.40 

6.71 1.86 5.58 12.18 1.81 2.97 2.76 
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Ti02 PzOs MnO C02 

t FeO is total iron where Fez03 is not reported. 
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Major Element and Trace Element Analytical Data 

t FeO is total iron where Fez03 is not reported. 

Depth(m) 

120.80 

120.80 

120.80 
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132.10 
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135.50 
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152.20 
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165.10 
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180.40 

183.60 

183.60 

185.00 

185.10 

185.10 

185.10 

188.30 

188.30 

SiO2 A1203 Fe203 FeOt MgO CaO Na2O K20 H20+ Ti02 P205 MnO CO2 

CY I Major Element Data (continued) 

43.80 14.30 7.10 1.20 6.03 11.40 1.00 4.24 4.10 0.56 0.08 0.11 6.60 

43.50 14.10 , 7.19 6.14 10.70 1.25 4.06 . 0.52 0.01 0.1 1 . 
44.50 14.31 7.37 0.94 6.08 11.07 1.15 4.13 4.24 0.55 0.06 0.1 1 5.21 

45.26 16.18 . 7.83 7.91 8.15 1.65 3.06 , 0.64 0.08 0.16 . 
44.30 15.60 . 7.26 7.74 7.62 1.70 2.98 . 0.65 0.07 0.16 . 
46.10 16.10 6.87 1.58 7.76 8.04 1.68 3.05 5.29 0.63 0.07 0.16 3.08 

45.32 15.87 . 8.09 8.69 7.00 1.28 3.37 . 0.65 0.10 0.12 . 
44.50 14.20 . 7.49 8.65 6.65 1.39 3.17 , 0.54 0.06 0.12 . 
45.60 15.79 5.79 2.69 8.67 6.97 1.37 3.31 5.59 0.64 0.08 0.13 2.75 

46.16 15.45 , 7.85 7.13 6.78 1.12 4.69 . 0.63 0.07 0.1 1 . 
45.10 15.20 . 7.51 7.28 6.39 1.34 4.59 . 0.54 0.03 0.10 . 
46.90 15.71 6.29 2.12 7.24 6.77 1.21 4.67 5.17 0.63 0.05 0.12 3.29 

45.40 15.50 6.10 2.10 7.17 6.97 0.90 4.69 5.80 0.63 0.07 0.12 4.10 

47.50 14.68 6.32 1.42 8.03 7.92 1.20 4.42 4.35 0.54 0.06 0.12 2.92 

46.60 14.50 . 6.88 8.07 7.48 1.26 4.39 . 0.51 0.04 0.08 . 
48.00 16.33 7.84 0.99 7.86 6.95 1.54 4.25 4.50 0.51 0.09 0.10 1.75 

46.10 15.80 . 7.69 7.87 6.58 1.62 4.24 . 0.45 0.06 0.10 . 
46.60 15.80 7.60 1.00 7.54 7.03 1.20 4.27 4.70 0.50 0.09 0.09 2.70 

46.30 15.15 . 7.79 8.98 8.66 1.73 2.08 . 0.48 0.00 0.12 . 
47.90 15.49 5.76 2.72 9.21 8.67 1.54 2.14 4.64 0.49 0.02 0.12 2.19 

45.90 15.00 5.50 2.70 8.69 8.85 1.20 2.15 5.40 0.48 0.03 0.12 2.80 

45.40 14.70 . 7.10 8.99 8.16 1.52 2.04 . 0.44 0.02 0.12 . 
46.00 14.30 , 6.60 10.24 8.57 1.53 2.41 . 0.54 0.04 0.1 l . 
47.24 14.56 . 7.33 10.17 9.11 1.58 2.49 . 0.56 0.05 0.1 1 . 
47.30 14.78 5.84 1.98 10.09 9.09 1.42 2.51 4.09 0.56 0.05 0.11 1.96 

44.00 14.20 . 6.50 8.36 5.83 1.27 4.58 . 0.54 0.02 0.07 . 
46.40 14.63 7.53 0.22 8.83 6.21 1.21 4.74 5.39 0.54 0.06 0.07 3.55 

44.10 14.00 . 6.53 4.08 11.46 1.31 4.79 . 0.49 0.02 0.07 . 
44.80 14.42 7.23 0.38 4.12 11.69 1.19 4.89 3.94 0.53 0.06 0.08 6.76 

43.80 14.20 7.10 0.40 4.11 12.10 1.00 4.96 3.90 0.53 0.07 0.08 8.10 

46.60 14.37 6.78 0.83 7.46 9.91 1.54 3.22 3.98 0.53 0.07 0.09 3.87 

45.10 14.10 . 6.48 7.40 9.64 1.66 3.08 . 0.48 0.01 0.09 . 
47.00 13.97 6.46 1.26 6.25 11.20 1.54 3.58 3.18 0.52 0.07 0.08 4.70 

45.70 13.70 . 6.69 6.24 10.80 1.60 3.48 . 0.49 0.02 0.08 . 
43.70 14.10 . 7.09 5.96 11.47 1.68 3.83 . 0.55 0.07 0.08 . 
44.50 13.40 . 6.74 5.95 11.10 1.45 3.78 . 0.44 0.07 0.08 . 
44.80 14.15 7.18 0.61 5.82 11.50 1.37 3.87 3.97 0.54 0.08 0.09 5.71 

43.30 13.80 7.00 0.70 5.65 11.80 0.90 3.93 4.20 0.54 0.09 0.08 6.80 

48.80 15.10 5.60 2.00 8.92 9.17 1.30 2.65 3.50 0.48 0.06 0.12 1.60 

49.80 15.34 5.83 1.92 9.18 8.90 1.70 2.57 3.31 0.47 0.05 0.11 0.11 
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t FeO is total iron where Fez03 is not reported. 

Depth(m) 

188.30 

188.30 
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197.70 
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200.70 

200.70 
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214.40 

218.00 
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237.50 
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254.00 
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SiO2 A1203 Fe203 FeOt MgO CaO Na20 K20 H20+ Ti02 P205 MnO COz 

CY I Major Element Data (continued) 

48.50 15.10 . 6.99 9.31 8.41 1.93 2.59 . 0.42 0.03 0.10 . 
48.99 15.44 . 7.22 9.39 8.92 2.04 2.53 . 0.47 0.05 0.10 . 
48.40 16.48 8.53 0.60 9.90 2.64 1.1 1 5.07 6.35 0.66 0.04 0.09 0.83 

46.30 15.80 . 7.91 9.90 2.40 1.18 4.97 . 0.59 0.03 0.08 . 
46.45 15.10 . 7.89 9.21 5.23 1.30 4.67 . 0.61 0.02 0.12 . 
45.60 14.90 5.40 2.80 8.65 5.21 1.00 4.71 6.50 0.59 0.09 0.13 3.80 

47.20 15.12 6.38 2.09 9.12 5.19 1.25 4.68 5.88 0.59 0.06 0.12 2.62 

45.50 14.60 , 7.5 1 8.99 4.92 1.32 4.60 . 0.58 0.03 0.1 1 . 
47.60 14.96 5.20 2.62 8.94 8.65 2.09 2.06 3.68 0.58 0.05 0.10 3.04 

44.60 14.30 . 6.70 8.87 8.03 2.20 1.95 . 0.55 0.1 1 0.09 . 
46.83 14.86 . 7.42 8.89 8.66 2.42 2.00 . 0.59 0.07 0.09 . 
48.10 15.50 . 6.59 9.36 7.87 2.20 1.55 . 0.49 0.06 0.09 . 
48.66 16.37 . 7.20 9.58 8.50 2.38 1.55 . 0.59 0.05 0.09 . 
49.00 16.36 4.76 2.91 9.48 8.44 2.23 1.60 3.37 0.59 0.07 0.09 1.47 

44.62 14.42 . 7.59 9.18 9.15 2.20 2.35 . 0.59 0.05 0.14 . 
45.60 14.58 4.83 3.21 9.21 9.17 1.85 2.42 4.08 0.58 0.06 0.15 3.95 

43.50 14.80 4.60 3.10 8.86 9.39 2.20 2.49 5.20 0.58 0.05 0.15 4.90 

45.86 15.17 . 8.00 8.94 5.57 1.26 4.82 . 0.61 0.10 0.14 . 
48.10 16.90 6.10 2.70 8.52 4.48 1.40 3.76 6.00 0.70 0.08 0.12 1.20 

49.24 16.35 , 8.50 8.57 4.43 1.54 3.79 . 0.72 0.06 0.1 1 . 
48.00 15.20 6.00 2.80 8.09 3.90 1.10 4.82 6.40 0.67 0.06 0.10 2.10 

49.30 16.00 7.07 2.62 8.34 3.90 1.41 4.85 5.26 0.68 0.06 0.10 1.37 

49.07 15.50 . 8.12 8.49 6.72 2.38 2.07 , 0.72 0.08 0.08 . 
43.40 13.80 . 7.60 8.05 9.23 2.02 2.94 . 0.55 0.20 0.16 . 
41.40 14.40 5.50 3.00 7.85 9.88 1.60 3.16 5.00 0.68 0.09 0.18 6.20 

42.26 14.79 . 7.98 7.97 9.48 1.93 2.99 , 0.68 0.12 0.17 . 
48.20 15.90 5.10 3.30 8.16 6.86 2.60 2.17 4.30 0.71 0.09 0.09 2.00 

47.70 15.20 . 7.74 8.57 6.28 2.59 2.1 1 . 0.67 0.05 0.08 . 
48.87 15.77 . 7.85 7.89 7.94 2.76 1.71 . 0.75 0.09 0.08 . 
49.00 16.00 7.90 2.98 7.78 8.07 2.63 1.73 2.61 0.76 0.08 0.08 1.41 

48.10 15.70 4.90 3.30 7.67 8.12 2.90 1.82 3.10 0.75 0.08 0.09 2.30 

48.30 15.50 . 7.67 7.90 7.58 2.84 1.79 . 0.70 0.05 0.08 . 
47.50 16.30 4.70 3.50 10.60 3.48 2.80 2.44 7.60 0.69 0.09 0.12 0.20 

45.90 15.10 , 7.48 10.55 3.22 2.40 2.26 . 0.68 0.04 0.10 . 
47.61 15.41 . 7.70 9.15 6.92 1.96 3.28 . 0.73 0.08 0.14 . 
44.60 14.80 , 6.94 8.99 6.40 1.99 3.15 . 0.68 0.05 0.13 . 
46.30 15.00 5.10 2.80 8.82 6.93 1.80 3.29 5.50 0.71 0.10 0.14 3.00 

47.60 15.60 5.20 2.93 9.06 6.93 1.97 3.28 4.57 0.71 0.08 0.14 2.18 

47.60 15.40 5.13 2.72 8.57 7.66 1.90 3.44 4.25 0.71 0.10 0.13 2.87 

46.99 15.08 . 7.34 8.43 7.61 1.88 3.42 . 0.70 0.10 0.13 . 

Lab 

MUN 

OU 

BOCHUM 

MUN 

OU 

GSC 

BOCHUM 

MUN 

BOCHUM 

MUN 

OU 

MUN 

OU 

BOCHUM 

OU 

BOCHUM 

GSC 

OU 

GSC 

OU 

GSC 

BOCHUM 

OU 

MUN 

GSC 

OU 

GSC 

MUN 

OU 

BOCHUM 

GSC 

MUN 

GSC 

MUN 

OU 

MUN 

GSC 

BOCHUM 

BOCHUM 

OU 



Major Element arid Trace Elemer~t Analytical Data 

t FeO is total iron where Fe203 is not reported. 

Lab 

MUN 

OU 

OU 

MUN 

GSC 

OU 

BOCHUM 

MUN 

MUN 

OU 

GSC 

OU 

BOCHUM 

MUN 

MUN 

BOCHUM 

GSC 

OU 

OU 

MUN 

MUN 

OU 

GSC 

BOCHUM 

MUN 

MUN 

OU 

GSC 

OU 

MUN 

OU 

GSC 

BOCHUM 

MUN 

MUN 

OU 

MUN 

OU 

GSC 

OU 

Depth(m) 

259.20 

259.20 

261.20 

261.20 

261.20 

266.30 

266.30 

266.30 

268.80 

268.80 

273.40 

273.40 

273.40 

273.40 

279.70 

279.70 

279.70 

279.70 

281.90 

28 1.90 

283.50 

283.50 

283.50 

287.20 

287.20 

289.20 

289.20 

292.80 

292.80 

292.80 

297.70 

297.70 

297.70 

297.70 

301.50 

301.50 

304.50 

304.50 

304.50 

309.00 

SiO2 A1203 Fe203 FeOt  MgO CaO Na2O K20 HzO+ Ti02 P205 MnO CO;! 

CY I Major Element Data (continued) 

45.50 13.20 . 7.69 10.73 5.13 2.50 1.20 . 0.58 0.04 0.1 1 . 
48.87 14.02 , 9.02 11.18 5.83 2.56 1.19 . 0.63 0.11 0.12 . 
47.93 15.46 . 7.24 9.33 6.09 2.53 2.99 . 0.71 0.05 0.15 . 
46.30 15.00 . 6.66 9.17 5.58 2.39 2.88 . 0.66 0.02 0.14 . 
46.30 15.80 4.90 2.60 8.84 6.07 2.70 3.07 5.40 0.70 0.08 0.16 2.40 

48.58 15.53 . 8.54 8.71 5.44 2.53 2.92 . 0.80 0.11 0.14 . 
49.00 15.70 6.27 2.91 8.65 5.53 2.41 2.93 4.44 0.79 0.10 0.14 1.64 

45.50 14.80 , 7.72 8.32 4.99 2.56 2.71 . 0.75 0.07 0.13 . 
46.30 15.00 . 7.39 7.99 6.22 2.35 2.81 . 0.68 0.05 0.13 . 
47.60 15.44 . 7.95 8.02 6.70 2.46 2.91 . 0.76 0.10 0.14 . 
47.90 14.90 4.40 3.70 9.51 8.74 2.40 0.72 4.30 0.46 0.06 0.08 1.90 

49.74 15.30 . 7.91 9.84 8.76 2.73 0.62 . 0.47 0.04 0.08 . 
49.70 15.50 5.13 3.13 9.82 8.70 2.64 0.68 2.48 0.47 0.05 0.08 1.66 

47.80 13.90 , 7.13 9.58 8.03 2.56 0.64 . 0.39 0.02 0.07 . 
44.60 13.90 . 7.53 8.97 8.45 2.48 2.10 . 0.65 0.07 0.10 . 
46.50 14.40 5.66 2.85 9.06 9.19 2.36 2.11 3.77 0.69 0.09 0.10 3.69 

44.60 14.10 5.50 2.80 8.78 9.09 2.00 2.14 4.80 0.68 0.10 0.10 4.40 

45.76 14.02 . 7.92 8.79 9.02 2.19 2.03 . 0.68 0.1 1 0.10 . 
47.38 15.12 . 7.89 8.76 8.65 2.40 2.53 . 0.73 0.12 0.13 . 
45.60 14.60 . 7.33 8.62 7.67 2.35 2.54 . 0.67 0.05 0.1 1 . 
42.20 13.20 . 7.28 9.31 9.04 2.41 1.61 . 0.61 0.06 0. I0 . 
44.74 14.05 , 7.83 9.70 9.75 2.47 1.66 . 0.66 0.14 0.11 . 
42.70 13.60 5.10 2.90 9.28 9.77 2.10 1.72 5.50 0.65 0.10 0.12 5.40 

43.30 13.30 5.01 2.85 8.84 10.10 2.33 2.75 4.49 0.63 0.09 0.14 5.54 

41.60 12.70 . 6.81 8.76 9.01 2.39 2.63 . 0.60 0.03 0.14 . 
41.20 12.60 . 6.74 8.96 10.74 2.26 1.47 . 0.54 0.05 0.14 . 
44.06 13.29 . 7.5 1 9.35 11.50 2.84 1.49 . 0.62 0.1 1 0.14 . 
45.60 15.00 4.60 3.20 9.89 6.36 2.30 2.15 6.30 0.62 0.08 0.15 2.30 

47.61 15.14 . 7.61 10.22 6.39 2.31 2.1 1 . 0.64 0.08 0.14 . 
45.40 14.50 . 6.79 9.97 5.59 2.54 2.06 . 0.62 0.02 0.13 . 
46.64 14.90 , 7.47 10.03 7.23 2.64 2.01 . 0.61 0.08 0.13 . 
45.50 14.80 4.70 3.00 9.80 7.30 2.40 2.06 6.20 0.60 0.08 0.15 3.10 

47.10 15.10 5.00 3.18 10.10 7.26 2.52 2.05 4.27 0.61 0.07 0.14 2.48 

44.00 14.20 . 6.78 9.91 6.63 2.64 1.89 . 0.57 0.01 0.13 . 
46.70 14.30 . 7.14 9.38 6.16 2.51 2.49 . 0.57 0.04 0.1 1 . 
48.58 15.06 , 7.83 9.42 6.70 2.44 2.61 . 0.59 0.08 0.12 0.00 

47.00 14.90 . 6.96 9.21 9.24 2.44 0.46 . 0.56 0.04 0.09 . 
48.83 15.87 . 7.70 9.54 10.08 2.67 0.39 . 0.63 0.07 0.09 . 
47.10 15.50 4.50 3.30 8.92 10.00 2.00 0.49 4.60 0.62 0.06 0.10 2.00 

47.1 1 15.40 . 8.23 8.22 8.52 2.58 1.47 . 0.66 0.1 1 0.09 . 



Depth(m) SiOz t-t FeOt MgO CaO Na20 K20 H20+ 

CY I Major Element Data (continued) 

3.13 8.21 8.42 2.60 1.48 3.61 

8.19 10.32 6.97 2.62 0.70 

2.70 8.95 6.91 2.70 0.95 5.20 

3.10 7.74 10.10 2.20 0.99 4.30 

7.55 7.83 9.38 2.71 0.96 

8.01 8.08 10.06 2.76 0.90 

3.25 8.02 10.00 2.52 0.94 2.45 

7.98 8.84 8.89 2.65 1.16 

7.17 8.68 8.28 2.57 1.16 

3.37 8.90 6.38 2.88 1.06 3.08 

9.02 8.67 6.31 2.89 1.03 

3.58 7.89 9.88 2.40 0.34 2.20 

7.92 7.93 9.84 2.72 0.28 

3.50 7.62 9.99 2.00 0.37 3.70 

8.04 8.21 7.18 2.85 0.19 

8.82 8.28 7.76 3.07 0.12 

3.70 8.17 7.72 3.00 0.22 4.10 

3.49 6.50 10.30 2.50 0.8 1 1.60 

6.95 6.56 9.86 2.71 0.83 

7.48 6.55 10.35 2.77 0.75 

10.35 7.50 4.12 2.76 0.80 

3.44 7.39 3.97 2.57 0.84 5.50 

3.80 8.59 7.21 3.50 0.37 4.60 

9.17 9.23 7.31 3.39 0.21 

8.23 8.84 6.69 0.29 0.04 

3.19 9.60 6.42 2.92 0.36 2.89 

3.70 9.20 6.45 2.60 0.37 6.10 

9.01 9.45 6.40 3.12 0.29 

8.36 9.21 5.73 2.87 0.32 

8.38 9.1 1 7.23 2.79 0.45 

5.00 7.26 9.21 2.20 0.31 2.40 

8.18 7.33 8.89 2.27 0.19 

8.01 7.36 8.56 2.47 0.30 

7.49 10.24 9.97 2.3 1 0.12 

6.70 10.30 9.37 2.19 0.20 

3.64 10.40 9.98 2.21 0.19 2.16 

6.88 7.46 9.32 2.48 0.10 

7.32 7.35 9.67 2.45 0.02 

4.10 7.44 10.00 2.30 0.15 2.50 

4.60 7.29 10.30 2.20 0.18 4.00 

MnO 

0.10 

0.06 

0.06 

0.07 

0.06 

0.07 

0.07 

0.08 

0.08 

0.09 

0.09 

0.08 

0.08 

0.08 

0.08 

0.08 

0.08 

0.09 

0.09 

0.09 

0.15 

0.15 

0.10 

0.10 

0.09 

0.1 I 

0.11 

0.11 

0.10 

0.11 

0.10 

0.09 

0.09 

0.17 

0.17 

0.17 

0.13 

0.13 

0.14 

0.13 
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OU 
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OU 
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BOCHUM 
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ou 
MUN 

OU 

GSC 

ou 
MUN 

ou 
MUN 

BOCHUM 

MUN 

ou 
GSC 

GSC 

t FeO is total iron where Fe203 is not reporled. 



Major Element and Trace Element Analytical Data 

t FeO is total iron where Fe203 is not reported. 

Lab 

OU 

MUN 

MUN 

BOCHUM 

OU 

GSC 

BOCHUM 

OU 

MUN 

GSC 

OU 

MUN 

BOCHUM 

OU 

MUN 

OU 

OU 

MUN 

GSC 

BOCHUM 

MUN 

MUN 

OU 

OU 

GSC 

MUN 

GSC 

BOCHUM 

MUN 

OU 

OU 

OU 

MUN 

BOCHUM 

GSC 

BOCHUM 

BOCHUM 

BOCHUM 

OU 

BOCHUM 

Depth(m) 

381.30 

381.30 

386.60 

386.60 

386.60 

386.60 

390.70 

390.70 

390.70 

397.50 

397.50 

402.20 

402.20 

402.20 

410.20 

410.20 

413.20 

413.20 

413.20 

416.85 

416.85 

426.30 

426.30 

429.45 

429.45 

429.45 

434.60 

434.60 

434.60 

434.66 

440.00 

445.00 

445.90 

445.90 

445.90 

450.45 

455.90 

465.65 

468.00 

468.42 

SiO2 A1203 Fez03 FeOt MgO CaO Na20 K2O HzO+ Ti02 4 0 5  MnO CO2 

CYI Major Element Data (continued) 

50.58 15.96 , 8.57 7.38 10.15 2.51 0.05 . 0.64 0.08 0.12 . 
48.60 15.60 . 8.07 7.46 9.56 2.35 0.13 . 0.62 0.03 0.12 . 
52.60 13.90 . 8.92 6.17 7.96 2.50 0.86 . 0.53 0.04 0.10 . 
54.70 14.60 7.58 2.62 6.24 8.55 2.42 0.93 2.01 0.58 0.06 0.1 1 0.09 

53.56 14.49 . 9.30 6.12 8.46 2.30 0.86 . 0.58 0.06 0.10 . 
53.60 14.60 7.10 2.70 6.07 8.66 2.10 0.97 3.20 0.58 0.08 0.1 1 0.10 

50.60 12.90 3.48 3.87 12.60 9.87 1.76 0.14 2.54 0.40 0.04 0.20 1.40 

50.55 12.89 . 7.04 12.34 9.87 1.82 0.07 . 0.40 0.05 0.20 . 
49.20 12.30 . 6.43 12.57 9.15 1.83 0.15 . 0.37 0.00 0.19 . 
48.70 15.60 4.70 4.10 9.47 6.43 2.40 0.52 5.10 0.64 0.09 0.11 1.40 

50.24 15.75 . 8.66 9.82 6.50 3.10 0.44 . 0.66 0.08 0.10 . 
47.90 15.50 . 7.37 9.25 5.49 3.03 0.54 . 0.62 0.04 0.10 . 
51.20 16.50 5.45 3.19 9.67 6.05 3.04 0.58 3.17 0.68 0.06 0.10 0.36 

51.08 16.10 . 8.24 9.49 6.09 3.10 0.52 . 0.68 0.06 0.10 . 
47.30 16.20 . 6.90 5.34 11.83 3.10 0.86 . 0.62 0.04 0.1 1 . 
47.23 16.21 . 7.10 5.25 12.44 3.05 0.78 . 0.68 0.1 1 0.11 . 
49.24 16.77 . 8.19 6.1 1 8.74 3.22 0.81 . 0.78 0.10 0.08 . 
48.20 16.40 . 7.82 6.06 8.26 3.16 0.91 . 0.69 0.08 0.08 . 
49.30 17.30 5.10 3.30 6.19 8.85 3.20 0.94 4.70 0.77 0.11 0.09 0.20 

54.80 14.70 6.82 2.98 5.52 8.19 2.38 1.10 1.99 0.66 0.07 0.10 0.10 

53.00 14.20 . 8.55 5.55 7.70 2.46 1.08 . 0.65 0.05 0.10 . 
52.90 14.10 . 8.09 6.14 8.06 2.65 0.61 . 0.56 0.03 0.11 . 
53.92 14.47 . 8.82 6.26 8.63 2.87 0.57 . 0.63 0.08 0.11 . 
50.57 16.22 . 7.74 8.96 9.30 2.53 0.09 . 0.67 0.1 1 0.09 . 
49.70 16.20 3.90 3.90 8.66 9.32 2.10 0.20 5.10 0.66 0.05 0.11 0.20 

48.00 15.10 . 6.97 8.85 8.61 2.46 0.16 . 0.66 0.03 0.09 . 
49.60 15.70 2.90 3.80 7.33 11.70 1.90 0.15 2.80 0.68 0.08 0.14 2.50 

50.50 16.00 3.89 3.31 7.75 11.50 2.44 0.12 1.38 0.68 0.06 0.13 2.26 

48.90 15.40 . 6.16 7.57 10.90 2.58 0.14 . 0.62 0.01 0.12 . 
50.28 16.06 . 6.65 7.63 11.53 2.65 0.05 . 0.69 0.10 0.12 . 
49.76 14.65 . 8.96 8.13 9.80 2.45 0.84 . 0.56 0.08 0.1 1 . 
50.19 15.15 . 7.93 10.48 8.43 2.82 0.13 . 0.62 0.12 0.10 . 
48.00 14.00 . 7.23 10.26 7.85 2.53 0.21 . 0.59 0.03 0.09 . 
50.70 15.20 4.89 3.52 10.50 8.42 2.63 0.20 2.85 0.62 0.07 0.10 0.32 

47.30 14.60 4.10 3.60 9.80 8.16 2.70 0.27 9.10 0.59 0.07 0.11 0.30 

50.60 14.90 5.45 3.32 10.40 8.39 2.60 0.24 2.78 0.61 0.07 0.1 1 0.44 

50.00 15.00 7.54 2.32 10.80 8.39 2.48 0.19 2.62 0.62 0.08 0.12 0.36 

51.60 16.00 7.41 2.40 7.03 8.50 2.75 0.52 2.50 0.68 0.07 0.12 0.16 

51.42 15.98 . 7.71 8.92 7.92 3.03 0.25 , 0.70 0.07 0.10 . 
51.30 16.20 5.31 2.81 9.03 7.90 2.75 0.31 2.88 0.70 0.06 0.10 0.37 



S i 0 2  A1203 F e 2 0 3  F e O t  MgO CaO NazO K 2 0  H20+ TiOz 

CY lA Major Element Data 

47.4 14.2 . 8.28 11.94 5.58 2.39 1.72 . 0.68 

48.2 15.14 5.86 2.74 10.56 4.44 5.68 1.00 5.80 0.73 

46.1 14.4 . 8.21 10.65 4.22 5.60 1.01 . 0.68 

48.4 15.5 . 1 1.09 7.49 7.58 2.77 0.31 . 0.88 

48.4 15.8 . 11.16 7.30 7.90 2.80 0.09 . 0.88 

55.3 14.89 7.40 4.34 4.40 6.87 2.97 0.49 1.42 1.24 

55.7 14.5 . 12.05 4.41 6.66 3.01 0.50 . 1.12 

50.6 15.0 . 13.41 4.48 7.34 2.65 0.70 . 1.20 

51.0 15.50 10.96 2.84 5.58 6.25 3.18 0.60 2.36 1.48 

48.9 15.6 . 13.69 5.39 5.92 3.07 0.59 . 1.32 

54.7 15.88 5.76 4.20 4.24 8.59 2.68 0.16 2.30 0.79 

54.6 15.3 , 10.31 4.31 8.40 2.71 0.16 . 0.80 

52.6 15.0 , 11.84 4.94 6.72 3.28 0.53 . 1.20 

49.1 15.2 . 12.35 6.34 6.86 3.00 0.41 . 1.20 

54.6 15.49 7.34 3.95 4.52 6.85 3.25 0.64 1.67 1.30 

54.1 15.0 , 11.49 4.47 6.52 3.23 0.65 . 1.32 

56.2 14.7 . 11.19 3.95 5.68 3.47 0.76 . 1.28 

49.4 15.0 . 10.68 7.40 8.66 2.52 0.07 . 0.80 

54.3 15.38 6.34 1.90 8.16 9.77 2.26 0.13 1.49 0.47 

53.2 14.6 , 8.17 8.23 9.36 2.20 0.13 . 0.48 

52.7 14.5 . 8.28 7.93 10.66 2.26 0.08 . 0.64 

48.7 16.2 . 11.84 6.80 7.28 3.09 0.34 . 1.08 

56.2 14.1 . 11.13 4.90 6.74 3.10 0.29 . 0.88 

56.4 14.59 6.43 4.13 4.80 6.88 3.1 1 0.28 1.37 0.96 

48.7 15.7 , 10.78 7.15 7.36 3.00 0.62 . 0.88 

49.0 16.0 . 10.54 6.85 8.08 2.96 0.48 , 0.80 

49.0 15.6 . 10.1 1 7.48 7.52 2.96 0.34 , 0.84 

50.3 16.65 6.71 3.47 7.48 7.93 3.06 0.34 2.20 0.92 

49.2 16.0 , 9.56 7.98 7.14 3.25 0.34 . 0.80 

50.6 13.5 , 9.17 10.60 8.66 2.28 0.17 . 0.52 

55.1 14.5 . 9.32 5.89 7.14 3.16 0.32 . 0.80 

55.6 15.37 6.23 3.00 6.03 7.35 3.17 0.31 1.87 0.80 

49.2 15.6 . 11.06 7.27 7.58 3.05 0.45 . 0.80 

50.2 15.7 . 10.35 7.36 6.34 3.22 1.44 . 0.84 

55.1 15.49 5.40 3.24 5.91 6.92 3.62 0.83 1.67 0.79 

55.4 14.8 . 8.86 5.84 6.72 3.64 0.87 . 0.80 

50.1 15.9 . 8.79 8.03 6.44 3.47 1.49 , 0.72 

55.4 14.0 . 7.24 5.45 8.28 3.24 0.84 . 0.64 

PzOs MnO LO1 C o n  S Total I Lab 

MUN 

BOCHUM 

MUN 

MUN 

MUN 

BOCHUM 

MUN 

MUN 

BOCHUM 

MUN 

BOCHUM 

MUN 

MUN 

MUN 

BOCHUM 

MUN 

MUN 

MUN 

BOCHUM 

MUN 

MUN 

MUN 

MUN 

BOCHUM 

MUN 

MUN 

MUN 

BOCHUM 

MUN 

MUN 

MUN 

BOCHUM 

MUN 

MUN 

BOCHUM 

MUN 

MUN 

MUN 

t FeO is total iron where Fe203 is not reported. 



Major Element and Trace Element Analytical Data 

t FeO is total iron where Fez03 is not reported. 

Depth(m) 

142.00 

142.00 

147.40 

151.10 

154.60 

154.60 

156.90 

167.80 

175.60 

175.60 

185.70 

185.70 

193.55 

202.60 

202.60 

205.80 

212.00 

224.40 

224.40 

228.50 

231.70 

237.60 

237.60 

259.00 

259.00 

267.90 

271.20 

271.20 

276.80 

282.00 

288.55 

288.55 

290.90 

298.10 

303.55 

303.55 

310.40 

310.40 

Si02 A1203 Fe203 FeOt MgO CaO Na20 K20 HzO+ Ti02 P2O5 MnO LO1 C02 S Total 

CYlA Major Element Data (continued) 

54.1 15.87 5.13 2.93 6.39 7.07 3.37 1.43 2.10 0.69 0.07 0.20 . 0.58 0.03 99.96 

52.4 15.4 . 8.08 6.28 6.84 3.47 1.47 . 0.68 0.07 0.18 3.94 . . 98.81 

51.9 15.4 . 8.33 7.03 6.62 3.34 1.61 , 0.68 0.06 0.20 5.09 . . 100.26 

51.4 15.4 . 8.05 7.61 5.36 3.11 2.07 . 0.72 0.06 0.20 6.29 . . 100.27 

52.6 16.69 6.05 2.95 8.12 5.61 3.69 0.51 3.38 0.79 0.07 0.12 . 0.24 0.03 100.85 

5 1.9 15.6 . 8.86 7.88 5.32 3.53 0.52 , 0.76 0.05 0.1 1 5.44 . . 99.97 

50.3 15.1 . 8.26 8.67 8.72 2.40 0.19 . 0.56 0.04 0.16 5.01 . . 99.41 

51.1 15.1 . 9.39 7.35 4.84 4.00 0.57 . 0.84 0.06 0.21 5.50 . . 98.96 

50.9 16.39 6.99 2.92 8.29 4.72 4.42 0.52 2.71 0.90 0.08 0.21 . 0.40 0.03 99.48 

49.0 15.4 . 9.88 8.03 4.52 4.34 0.53 . 0.80 0.05 0.18 6.37 . . 99.10 

50.3 16.36 7.46 4.13 8.19 3.92 4.20 0.92 3.57 1.12 0.10 0.28 . 0.23 0.03 100.81 

48.8 15.6 . 11.61 7.84 3.68 4.07 0.93 . 1.00 0.08 0.24 5.77 . . 99.62 

50.0 15.1 . 10.07 8.20 4.40 4.81 0.62 . 0.76 0.07 0.15 5.56 . . 99.74 

57.3 14.15 6.21 4.04 5.09 2.42 4.73 1.78 2.35 1.13 0.11 0.23 . 0.48 0.04 100.06 

56.6 13.7 . 10.27 5.04 2.30 4.64 1.81 . 0.92 0.09 0.21 4.1 1 . . 99.69 

52.3 13.9 . 12.45 6.42 3.38 4.20 0.1 1 . 1.00 0.09 0.30 5.24 . . 99.39 

50.1 14.6 . 12.86 6.87 3.02 4.86 0.56 . 1.08 0.09 0.28 5.58 . . 99.90 

53.7 14.5 . 8.45 7.66 7.56 3.24 0.30 . 0.60 0.07 0.19 3.98 . . 100.25 

53.5 15.00 4.62 3.70 7.74 7.82 3.20 0.29 2.16 0.65 0.06 0.22 . 0.25 0.03 99.24 

51.9 14.1 . 8.45 8.71 8.06 3.36 0.19 . 0.44 0.03 0.14 4.70 . . 100.08 

50.1 14.5 . 9.21 8.88 9.08 2.84 0.10 . 0.48 0.27 0.13 4.75 . . 100.34 

49.6 14.9 . 9.21 8.62 8.86 2.35 0.09 , 0.52 0.04 0.17 5.67 . . 100.03 

50.7 15.86 5.99 3.29 8.95 9.22 2.45 0.08 2.29 0.57 0.05 0.19 . 0.71 0.04 100.39 

54.5 14.4 . 12.39 5.53 2.68 4.26 0.12 . 1.16 0.12 0.19 3.85 . . 99.56 

54.9 14.88 4.76 6.99 5.64 2.80 4.75 0.12 3.72 1.32 0.09 0.21 . 0.33 0.03 100.54 

53.4 13.9 . 13.80 5.80 2.60 2.85 1.33 . 0.96 0.1 1 0.35 4.40 . . 99.50 

59.1 13.0 . 10.95 4.15 3.08 2.63 0.95 . 0.96 0.07 0.32 3.18 . . 98.39 

58.5 13.53 3.79 7.30 4.23 3.13 2.73 0.93 3.28 1.01 0.09 0.35 . 0.46 0.67 100.00 

56.1 12.8 . 10.48 4.33 4.88 3.48 0.64 . 0.88 0.08 0.33 4.88 , . 98.88 

52.4 15.2 . 8.46 8.61 5.96 3.22 0.48 . 0.52 0.03 0.14 4.05 . . 99.07 

52.2 14.5 . 9.05 9.24 6.56 2.99 0.59 . 0.52 0.01 0.15 5.09 . . 100.90 

52.0 15.25 3.14 5.67 9.58 6.83 3.08 0.58 3.41 0.48 0.04 0.17 . 0.27 0.03 100.53 

53.3 13.7 . 14.22 5.89 2.16 2.98 0.73 . 1.00 0.06 0.30 4.35 . . 98.69 

58.0 13.8 . 1 1.34 4.34 3.08 3.35 1.06 . 1.00 0.08 0.26 0.23 . . 99.54 

57.0 14.92 3.87 6.90 4.92 2.30 5.03 0.16 3.56 1.13 0.10 0.22 . 0.38 0.05 100.54 

57.3 14.4 . 11.30 4.86 2.20 4.80 0.16 . 1.08 0.09 0.20 3.30 . . 99.69 

57.4 14.41 3.43 6.88 5.43 2.43 4.08 0.48 3.80 1.07 0.10 0.24 . 0.09 0.08 99.92 

59.0 13.9 . 10.80 5.35 2.30 3.98 0.49 . 1.04 0.08 0.22 3.35 . . 100.51 
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t FeO is total iron where Fez03 is not reported. 

FeOt MgO CaO N a 2 0  K 2 0  H 2 0 +  TiOl P205  MnO LO1 C 0 2  S Total 

C Y  l A  Major Element Data (continued) 

11.30 4.85 1.86 4.38 0.29 . 1.04 0.08 0.24 3.12 . . 100.36 

10.92 5.68 2.56 2.65 0.44 , 1.00 0.09 0.28 4.98 . . 98.30 

7.22 5.79 2.64 2.71 0.43 4.83 0.97 0.09 0.31 . 0.19 0.69 100.27 

7.71 8.16 3.90 4.17 0.91 4.08 1.11 0.10 0.27 . 0.13 0.03 100.29 

12.17 5.03 2.04 3.19 0.48 . 1.08 0.08 0.31 3.74 . . 99.02 

10.97 5.90 4.22 3.69 0.68 . 1.04 0.10 0.21 3.55 . . 99.96 

6.54 5.91 4.33 3.64 0.65 3.88 1.05 0.09 0.23 . 0.08 0.04 99.87 

10.97 7.41 2.74 3.61 0.39 . 0.96 0.07 0.34 4.36 . . 99.35 

7.49 7.55 2.84 3.76 0.38 4.92 1.01 0.08 0.37 . 0.05 0.14 100.81 

6.98 5.64 3.64 4.13 0.07 4.17 1.36 0.12 0.24 . 0.10 0.07 99.44 

11.83 5.53 3.56 4.1 1 0.06 . 1.36 0.1 1 0.23 3.74 . . 100.53 

11.54 4.47 3.12 4.90 0.02 . 1.36 0.10 0.21 3.14 . . 99.76 

6.76 4.64 3.29 4.97 0.02 3.76 1.34 0.12 0.23 . 0.14 0.04 100.57 

7.47 5.98 4.46 3.05 0.84 5.35 1.32 0.10 0.32 . 0.25 0.07 100.49 

12.54 5.90 4.40 2.99 0.87 . 1.28 0.10 0.29 4.05 . . 99.22 

11.54 7.25 2.14 4.28 0.06 , 1.24 0.10 0.22 4.35 . . 98.88 

11.72 7.21 2.60 4.43 0.14 . 1.20 0.07 0.19 4.43 . . 99.49 

12.08 7.17 1.62 4.59 0.03 . 1.12 0.17 0.26 4.17 . . 98.91 

4.34 7.35 1.52 4.54 0.03 4.71 1.11 0.09 0.27 . 0.10 0.04 99.19 

11.77 6.44 4.44 1.60 1.26 . 1.28 0.1 1 0.26 6.03 . . 99.09 

9.56 3.25 1.76 5.1 8 0.07 . 1.20 0.21 0.27 2.53 . . 99.83 

5.48 2.98 2.44 5.06 0.03 2.62 0.95 0.21 0.22 . 0.20 0.05 99.79 

8.46 3.04 2.38 5.08 0.03 . 1.04 0.22 0.21 2.27 . . 100.33 

8.30 8.54 6.76 2.62 0.47 . 0.48 0.06 0.13 6.68 . . 99.54 

7.99 2.31 3.16 4.77 0.1 1 , 0.76 0.16 0.16 2.32 . . 98.84 

11.32 6.25 2.50 3.60 0.50 . 1.00 0.10 0.25 4.55 . . 98.97 

7.38 6.33 2.62 3.70 0.49 4.55 1.06 0.09 0.27 . 0.13 0.08 98.93 

11.12 5.96 3.42 4.13 0.50 . 1.00 0.08 0.27 3.41 . . 99.49 

11.84 6.80 2.94 4.41 0.20 . 1.04 0.10 0.22 4.08 . , 100.23 

9.64 3.46 2.12 4.87 0.06 , 1.08 0.23 0.35 2.76 . . 98.77 

6.50 3.53 2.10 4.95 0.06 3.21 1.21 0.16 0.37 . 0.04 0.30 99.84 

9.90 3.77 2.12 5.22 0.04 . 1.12 0.19 0.31 2.74 . . 100.21 

12.61 5.98 2.76 3.86 0.24 . 1.20 0.08 0.22 3.63 . . 99.28 

6.74 3.50 2.84 5.32 0.04 3.07 1.26 0.14 0.32 . 1.25 0.06 100.98 

10.17 3.44 2.76 5.14 0.05 . 1.20 0.13 0.30 2.59 . . 98.48 

10.82 8.15 3.64 3.66 0.60 . 0.88 0.09 0.19 4.63 . . 98.36 

11.12 4.64 3.44 4.14 0.03 , 1.24 0.12 0.24 3.26 . . 98.33 

6.94 8.35 3.81 4.33 0.37 4.37 0.93 0.08 0.19 . 0.52 0.05 100.69 

Lab 

MUN 

MUN 

BOCHUM 

BOCHUM 

MUN 

MUN 

BOCHUM 

MUN 

BOCHUM 

BOCHUM 

MUN 

MUN 

BOCHUM 

BOCHUM 

MUN 

MUN 

MUN 

MUN 

BOCHUM 

MUN 

MUN 

BOCHUM 

MUN 

MUN 

MUN 

MUN 

BOCHUM 

MUN 

MUN 

MUN 

BOCHUM 

MUN 

MUN 

BOCHUM 

MUN 

MUN 

MUN 

BOCHUM 



Major Element and Trace Element Analytical Data 

t FeO is total iron where Fe203 is not reported. 

Depth(m) 

441.00 

442.00 

447.25 

449.30 

449.30 

451.65 

457.30 

459.50 

459.50 

460.75 

462.10 

464.55 

464.55 

470.10 

472.70 

475.60 

475.60 

483.60 

486.20 

493.60 

493.60 

497.80 

497.80 

501.00 

507.00 

508.80 

509.30 

512.00 

516.80 

517.65 

521.10 

523.90 

527.25 

528.80 

530.05 

532.80 

535.60 

536.80 

S i02  A1203 Fe203 FeOt MgO CaO N a 2 0  K 2 0  H 2 0 +  TiOz P20s  MnO LO1 C 0 2  S Total 

CY l A Major Ele~nent Data (continued) 

51.0 14.8 . 10.76 8.16 3.56 4.38 0.38 . 0.92 0.08 0.18 4.60 . . 98.82 

50.9 15.7 . 10.95 8.19 2.72 4.77 0.12 . 0.96 0.13 0.19 4.70 . . 99.33 

53.9 15.1 . 11.06 6.50 3.60 4.75 0.20 . 1.04 0.06 0.18 3.55 . , 99.94 

55.1 14.70 3.10 7.08 6.69 2.36 4.66 0.05 4.02 1.04 0.09 0.18 . 0.13 0.03 99.23 

55.5 14.5 . 10.80 6.64 2.26 4.66 0.05 . 1.00 0.10 0.16 3.76 , , 99.34 

51.7 15.1 . 11.48 6.42 4.16 4.21 0.48 . 1.04 0.09 0.20 3.85 . . 98.73 

59.3 13.6 . 10.35 3.22 2.46 4.97 0.07 . 0.96 0.16 0.21 2.79 , . 98.09 

58.4 14.53 3.56 7.07 3.82 2.24 5.17 0.1 1 3.18 1.27 0.14 0.24 . 0.35 0.12 100.20 

59.3 14.2 . 10.95 3.79 2.24 5.09 0.10 . 1.24 0.13 0.23 2.79 . , 100.06 

57.4 14.6 . 11.81 4.19 3.16 4.71 0.02 . 1.24 0.1 1 0.23 2.85 . . 100.32 

53.8 13.7 . 14.14 4.99 2.48 3.78 0.03 . 1.20 0.1 1 0.28 3.61 . . 98.12 

58.3 14.68 2.85 7.14 3.23 3.45 4.96 0.06 3.02 1.31 0.13 0.17 . 0.86 0.04 100.20 

57.8 14.6 . 10.82 3.21 3.38 4.97 0.06 . 1.24 0.12 0.17 3.25 . . 99.42 

52.4 15.4 . 11.75 5.82 4.04 4.96 0.32 . 1.08 0.08 0. I8 3.40 . . 99.43 

49.1 15.7 . 10.1 1 7.35 5.28 4.99 0.22 . 0.76 0.04 0.17 5.14 . . 98.86 

60.8 12.2 . 10.99 4.72 4.84 2.34 0.03 . 1.20 0.10 0.19 3.45 . . 100.86 

59.4 12.43 3.40 6.96 4.72 5.00 2.37 0.03 3.70 1.21 0.12 0.20 . 0.45 0.04 100.03 

51.2 15.7 . 12.00 7.14 2.78 4.94 0.14 . 0.84 0.16 0.22 5.37 , , 100.49 

62.2 14.0 . 9.07 2.40 3.38 4.86 0.02 . 1.08 0.15 0.16 2.09 . . 99.41 

47.5 14.97 3.60 6.63 5.10 9.85 2.93 0.23 3.94 0.71 0.06 0.21 . 4.26 0.04 100.03 

48.0 14.8 . 11.04 5.10 9.48 2.99 0.24 . 0.72 0.05 0.20 7.62 . . 100.24 

50.0 14.77 2.14 6.37 11.08 4.63 3.06 0.51 5.64 0.34 0.03 0.23 . 2.37 0.03 101.20 

48.2 14.0 . 8.04 11.70 7.16 2.18 0.86 . 0.28 0.00 0.19 7.81 . . 100.42 

58.9 14.1 . 9.98 3.25 3.36 5.03 0.05 . 0.88 0.09 0.23 3.44 , , 99.31 

49.4 14.3 . 8.50 8.1 1 6.82 3.60 0.20 . 0.48 0.02 0.20 8.47 . . 99.10 

59.9 14.63 4.41 4.77 3.02 2.68 5.33 0.02 2.72 1.18 0.15 0.23 . 0.13 0.18 99.35 

61.5 14.3 . 9.49 3.09 1.56 5.60 0.01 . 1.08 0.14 0.20 2.47 . . 99.44 

61.2 14.8 . 10.55 3.26 1.90 5.26 0.01 . 1.12 0.14 0.20 2.29 , , 100.73 

57.9 13.77 4.89 6.43 4.93 1.57 4.32 0.01 3.99 1.22 0.11 0.31 . 0.31 0.52 100.28 

58.2 14.4 . 11.67 4.64 1.48 4.88 0.01 . 1.24 0.10 0.30 2.88 . , 99.80 

51.3 14.4 . 11.26 5.82 5.38 4.27 0.06 . 1.04 0.07 0.33 5.92 . . 99.85 

54.0 14.7 . 11.75 5.39 3.48 4.03 0.18 . 0.96 0.08 0.36 4.63 . . 99.56 

58.4 14.3 . 10.72 3.36 3.42 5.06 0.06 . 1.32 0.14 0.27 3.10 , . 100.15 

55.1 14.53 5.65 6.52 5.16 2.28 4.57 0.01 4.07 1.37 0.10 0.34 . 0.41 0.07 100.18 

53.8 13.2 . 12.40 5.94 4.28 3.34 0.01 . 1.32 0.10 0.33 4.14 . . 98.86 

54.3 14.5 . 12.67 5.06 3.60 4.06 0.01 . 1.24 0.08 0.30 3.23 . . 99.05 

49.4 14.5 . 11.26 6.40 5.58 4.00 0.13 . 1.00 0.06 0.29 7.14 . . 99.76 

55.3 13.25 5.80 7.85 6.17 1.19 3.55 0.01 4.43 1.19 0.10 0.37 . 0.19 0.43 99.83 
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t FeO is total iron where Fe203 is not reporled. 

Depth(m) 

538.25 

542.10 

548.80 

550.10 

552.90 

559.80 

560.80 

561.65 

563.60 

568.55 

579.75 

580.80 

589.10 

596.40 

600.80 

601.60 

607.05 

609.70 

616.10 

616.10 

620.10 

624.00 

629.40 

629.40 

631.90 

636.40 

636.40 

641.70 

641.70 

649.05 

652.80 

652.80 

666.40 

666.40 

SiOz A1203 Fez03 FeOt MgO CaO Na20 KzO H20+ Ti02 P205 MnO LO1 COz S Total 

CY 1 A Major Element Data (continued) 

53.5 14.5 . 11.84 5.57 3.68 3.83 0.01 . 1.24 0.13 0.50 3.54 . . 98.34 

61.4 13.6 . 9.20 2.59 3.06 5.39 0.01 , 1.00 0.28 0.35 2.18 . . 99.06 

56.6 15.61 4.01 6.71 3.80 2.25 5.55 0.02 3.29 1.19 0.21 0.36 . 0.01 0.84 100.45 

61.9 14.1 . 10.00 2.84 1.80 5.67 0.01 . 1.12 0.23 0.26 1.86 . . 99.79 

63.8 14.0 . 9.31 2.68 1.68 5.75 0.01 . 1.08 0.21 0.24 1.68 . . 100.44 

55.9 14.3 . 12.47 5.90 3.24 3.43 0.01 . 1.16 0.09 0.39 3.27 . . 100.16 

53.5 13.08 5.57 7.64 6.59 2.38 2.86 0.01 4.94 1.16 0.09 0.41 . 0.49 1.1 1 99.83 

52.1 14.8 . 11.48 6.55 4.04 4.27 0.12 . 1.08 0.15 0.29 5.28 . . 100.16 

50.6 15.8 , 10.12 7.53 3.40 5.23 0.08 , 0.96 0.12 0.21 4.70 . . 98.75 

54.7 14.5 . 11.72 4.91 4.92 3.20 0.00 . 1.28 0.12 0.24 3.15 . . 98.74 

51.3 15.2 . 14.90 7.37 1.08 3.68 0.01 . 0.96 0.07 0.38 4.64 . . 99.59 

47.2 16.66 5.20 10.43 7.41 1.91 3.74 0.05 5.71 1.01 0.09 0.42 . 0.34 0.49 100.66 

54.3 14.3 . 14.16 5.82 1.88 3.82 0.07 , 0.92 0.07 0.32 3.68 . . 99.34 

61.0 13.7 . 10.16 3.45 2.28 4.72 0.09 , 1.13 0.14 0.20 2.68 . . 99.55 

52.9 14.65 7.18 7.55 5.90 1.71 3.89 0.12 4.51 0.99 0.08 0.32 . 0.35 1.26 101.41 

54.5 14.2 . 14.45 5.89 1.38 3.58 0.11 . 0.88 0.10 0.28 4.00 . . 99.37 

55.4 15.1 . 12.28 5.65 3.10 4.35 0.01 , 1.00 0.14 0.28 3.32 . . 100.63 

54.5 14.5 . 13.18 5.79 1.90 4.70 0.01 . 1.24 0.09 0.26 3.22 . . 99.39 

53.0 14.94 3.97 6.75 5.81 3.16 4.74 0.02 3.77 1.02 0.09 0.27 . 0.84 0.26 98.64 

54.5 14.6 . 11.13 5.80 3.00 4.73 0.01 , 0.88 0.08 0.26 3.77 . . 98.76 

56.1 14.7 . 12.00 6.45 1.46 4.53 0.01 . 0.88 0.06 0.26 3.71 . . 100.16 

63.1 12.8 . 10.09 2.70 2.62 5.00 0.01 . 1.00 0.17 0.15 2.24 . . 99.88 

63.8 13.1 . 9.60 2.80 1.78 5.48 0.02 . 1.04 0.17 0.17 1.69 . . 99.65 

62.5 13.64 3.59 5.73 2.82 2.01 5.39 0.01 2.22 1.12 0.18 0.18 . 0.06 0.08 99.53 

63.0 12.8 , 8.07 2.37 2.86 5.48 0.03 , 1.00 0.16 0.15 2.41 . . 98.33 

52.3 15.9 . 10.95 8.25 2.08 4.12 0.49 . 0.80 0.07 0.30 4.76 . . 100.02 

51.8 16.37 3.14 7.28 8.59 2.30 4.26 0.49 4.91 0.90 0.08 0.32 . 0.29 0.06 100.79 

52.2 15.2 . 10.95 7.87 2.36 4.31 0.24 . 0.80 0.08 0.30 4.49 . , 98.80 

51.6 15.52 3.70 6.65 8.01 2.58 4.29 0.23 4.50 0.91 0.08 0.32 . 0.26 0.09 98.74 

53.8 14.6 . 1 1.66 6.15 3.48 4.39 0.23 . 0.86 0.09 0.28 3.39 . . 98.93 

60.6 13.34 4.66 5.22 3.19 1.98 5.12 0.01 2.29 1.17 0.16 0.18 . 0.63 0.51 99.15 

62.1 13.2 . 9.60 3.15 1.74 5.33 0.01 . 1.00 0.15 0.17 2.13 . . 98.58 

53.7 14.87 4.67 6.47 6.44 3.46 4.00 0.54 3.60 1.12 0.09 0.33 . 0.15 0.02 99.46 

54.5 14.4 . 11.66 6.22 3.18 4.06 0.56 . 1.00 0.10 0.31 3.28 . . 99.27 
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Major Element and Trace Element Analytical Data 

Depth(m) 

19.70 

19.70 

23.20 

23.35 

32.30 

32.30 

40.40 

40.40 

44.50 

44.50 

47.30 

47.30 

51.70 

51.75 

54.70 

54.70 

57.00 

57.00 

58.70 

58.70 

69.10 

69.10 

71.50 

71.50 

74.10 

74.10 

77.40 

77.40 

82.10 

82.10 

88.50 

88.50 

90.60 

90.60 

92.50 

92.50 

94.10 

94.10 

95.60 

95.60 

96.10 

96.10 

96.90 

96.90 

Rb Sr Ba Zr Cr  Ni C o  V Th U Y Pb C u  Zn Ga La Ce 

C Y  I Trace Element Data 

49 116 110 24 286 90 . 271 0 0 18 1 61 80 11 12 12 

47 110 68 34 343 99 25 259 . . 18 . 122 126 . . . 
55 125 97 40 419 118 27 377 . . 22 . 95 104 . . . 
55 124 133 30 334 103 . 365 . 8 24 6 264 119 18 15 10 

54 93 36 47 492 144 26 180 . . 13 . 68 79 . . . 
52 94 66 41 438 131 . 200 0 2 13 3 68 69 1 1  3 8 

33 104 10 51 233 124 21 257 . . 22 . 78 92 . . . 
32 105 46 45 142 106 . 271 1 0 23 1 70 76 10 8 16 

46 116 24 52 194 80 16 239 . . 25 . 90 103 . . . 
42 115 71 48 123 71 . 250 0 0 25 0 78 84 13 7 10 

26 106 86 22 622 216 . 150 4 . 14 5 40 59 4 14 9 

32 107 10 26 1201 238 5 180 . . 17 . 42 73 . . . 
28 114 67 24 378 198 . 150 3 1 I6 2 57 51 4 8 13 

34 1 1 1  10 31 734 223 5 163 . . 15 . 98 85 . . . 
54 92 10 36 713 106 5 205 . . 18 . 72 82 . . . 
54 94 64 27 456 90 . 208 0 2 17 0 66 64 9 8 15 

54 93 37 39 399 85 14 225 . . 12 . 85 90 . . . 
49 93 73 32 264 68 . 236 1 0 10 0 71 78 18 2 12 

11 75 10 28 1280 656 40 136 . . 1 1  . 63 66 . . . 
9 71 34 17 672 635 . 113 0 0 10 0 57 53 8 14 6 

41 93 10 43 376 94 14 191 . . 19 . 90 89 . . . 
39 96 50 36 208 85 . 190 0 3 15 0 80 80 10 5 8 

21 81 10 37 285 104 31 221 . . 18 . 136 73 . . . 
17 82 50 32 141 91 . 230 . 0 22 2 100 66 9 10 10 

45 90 24 43 135 69 10 199 . . 17 . 90 82 . . . 
38 86 39 34 53 57 . 184 . 0 17 0 78 69 15 7 13 

40 89 10 40 130 72 17 180 . . 17 . 211 86 . . . 
30 87 64 33 42 56 , 187 . , 16 1 120 72 12 1 1  14 

53 96 19 38 107 65 9 171 . . 16 . 81 81 . . . 
50 96 74 31 61 46 . 176 0 5 14 0 74 71 14 12 7 

43 118 16 39 116 62 12 193 . . 22 . 95 72 . . . 
39 120 87 32 73 51 . 177 0 3 22 5 81 58 12 11 9 

30 108 10 36 256 76 11 245 . . 18 . 71 60 . . . 
25 114 72 . 148 64 . 223 . 7 30 0 69 49 9 10 10 

25 85 10 38 319 95 25 225 . . 19 . 96 91 . . . 
16 88 60 30 177 82 . 230 1 1 19 4 77 69 1 1  15 7 

29 85 10 39 366 111  31 232 . . 17 . 71 91 . . . 
27 89 54 34 200 98 . 226 0 , 17 0 63 77 16 13 7 

14 48 10 22 1728 1060 51 88 . . 8 . 54 51 . . . 
4 49 11 1 1  968 1038 . 71 0 2 2 4 40 37 5 1 1  7 

28 106 23 39 165 94 17 248 . . 17 . 78 63 . . . 
26 107 74 34 82 80 . 221 4 7 19 3 65 49 11  6 5 

37 87 10 36 1 1 1  71 10 226 . . 20 . 169 132 . . . 
33 93 47 28 59 55 . 209 0 0 22 0 68 49 12 13 10 
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Depth( m) Rb Sr Ba Zr Cr Ni Co V Th u y Pb Cu Zn Ga La Ce Lab 

CYI Trace Element Data (continued) 

99.50 28 88 10 39 324 98 30 226 17 95 88 BOCHUM 

99.50 24 94 72 34 187 88 233 2 19 0 78 71 16 9 11 MUN 

I 01.80 35 108 28 38 298 86 5 247 18 77 73 BOCHUM 

101.80 28 118 79 31 152 72 230 5 3 19 5 65 57 13 16 12 MUN 

105.60 28 89 10 37 273 74 20 212 17 68 69 BOCHUM 

105.60 20 97 64 31 148 65 205 0 0 20 0 66 59 11 16 9 MUN 

109.30 33 90 10 35 425 99 12 196 17 66 73 BOCHUM 

109.30 25 94 69 32 186 85 200 0 2 16 0 63 60 13 11 9 MUN 

110.70 27 87 10 34 601 233 27 209 15 52 65 BOCHUM 

110.70 18 89 56 28 339 229 196 0 I 15 0 53 53 12 7 12 MUN 

113.50 37 107 16 39 245 90 18 245 17 48 54 BOCHUM 

113.50 27 116 Ill 32 140 75 244 0 2 21 I 41 41 12 12 8 MUN 

120.80 40 90 70 38 258 80 13 182 19 75 69 BOCHUM 

120.80 36 93 117 32 159 72 189 0 0 19 0 71 61 14 (0 8 MUN 

126.20 35 101 42 2 133 60 7 194 16 84 71 BOCHUM 

126.20 28 104 80 37 81 50 201 0 0 18 2 79 67 13 10 9 MUN 

132.10 37 73 10 44 92 55 26 221 20 81 81 BOCHUM 

132.10 29 75 47 36 45 47 219 I I 22 I 75 72 14 5 6 MUN 

135.50 46 85 10 45 88 56 12 239 17 82 84 BOCHUM 

135.50 39 87 73 36 59 43 190 I 0 16 0 71 68 13 14 15 MUN 

140.80 40 72 15 38 277 67 11 185 18 46 67 BOCHUM 

140.80 35 75 63 29 156 56 193 0 2 20 0 57 55 10 4 6 MUN 

148.20 38 59 25 34 266 74 17 238 19 46 67 BOCHUM 

148.20 36 60 68 27 226 59 253 7 3 19 0 48 60 13 3 3 MUN 

152.20 28 70 10 34 285 85 24 226 14 46 76 BOCHUM 

152.20 23 71 67 21 190 78 0 0 11 0 51 67 12 12 7 MUN 

165.10 29 87 56 32 300 103 37 217 13 91 73 BOCHUM 

165.10 18 79 59 29 175 75 217 0 4 18 0 66 61 10 7 6 MUN 

169.30 44 58 10 39 128 61 11 161 18 61 70 BOCHUM 

169.30 40 58 72 31 97 57 161 2 I 17 I 49 56 12 9 10 MUN 

173.50 45 77 22 37 119 62 5 115 18 74 65 BOCHUM 

173.50 35 75 71 30 74 49 115 0 I 18 0 69 59 9 13 7 MUN 

180.40 36 63 10 36 278 73 5 119 18 48 74 BOCHUM 

180.40 31 63 51 31 214 59 131 0 0 19 0 48 57 14 13 12 MUN 

183.60 31 63 39 28 193 55 188 0 0 14 0 53 49 14 8 10 MUN 

183.60 38 65 10 36 272 66 5 188 18 52 60 BOCHUM 

185.10 36 68 57 32 174 51 168 0 4 18 0 64 49 11 10 10 MUN 

185.10 44 68 10 38 217 60 6 147 20 64 63 BOCHUM 

188,30 28 60 10 34 271 60 12 214 15 44 70 BOCHUM 

194.10 41 64 15 42 138 59 28 239 16 65 75 BOCHUM 

194.10 34 65 83 35 106 44 257 0 17 2 63 68 12 7 8 MUN 

197.70 36 81 10 41 193 69 11 216 19 51 79 BOCHUM 

197.70 27 76 40 31 156 55 244 I 0 20 0 49 64 11 1 8 MUN 

200.70 13 78 42 30 197 94 275 0 3 16 2 85 60 10 10 14 MUN 



Major Element and Trace Element Analytical Data 

Lab 
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MUN 

MUN 

BOCHUM 
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Depth(m) 

200.70 

203.50 

203.50 

208.90 

208.90 

214.40 

218.00 

223.10 

223.10 

233.90 

237.50 

240.00 

240.00 
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246.70 

246.70 

254.00 

254.00 

259.20 
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266.30 

268.80 

273.40 

273.41 
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279.70 

281.90 

283.50 

287.20 
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289.20 

292.80 

297.70 

297.70 

301.50 

304.50 

309.05 

309.05 

316.80 

318.10 

321.40 

321.40 

328.60 

Rb Sr Ba Zr Cr Ni Co V Th U Y Pb Cu Zn Ga La Ce 

CY I Trace Element Data (continued) 

22 78 10 41 262 109 20 245 . . 17 . 80 71 . . . 
9 101 59 34 110 46 . 260 0 0 15 0 27 65 15 7 6 

17 99 10 40 166 55 18 259 . . 18 . 23 77 . . . 
13 78 40 34 160 103 . 252 1 0 20 3 68 62 13 1 1  13 

23 76 10 37 273 109 17 230 . . 17 . 64 74 . . . 
30 88 54 33 103 42 . 247 0 2 16 2 50 63 11 15 11  

28 77 58 38 80 43 . 313 1 1 22 0 61 75 16 10 15 

48 79 44 40 120 65 35 209 , , 16 . 151 93 , . . 
34 67 58 35 89 42 . 236 2 0 22 . 58 71 13 4 10 

46 73 46 38 55 29 . 252 0 0 22 . 40 57 1 1  7 7 

18 78 44  40 59 28 . 266 2 2 19 1 52 65 14 6 12 

39 98 33 45 65 46 35 243 . . 16 . 958 155 , . . 
26 89 44 45 45 29 . 270 0 2 23 0 3 . 15 5 9 

12 74 49 38 123 36 . 283 0 0 15 0 112 67 13 4 14 

18 78 45 44 121 50 . 241 0 . 20 0 46 70 12 7 12 

28 91 21 47 182 72 37 210 . . 17 . 81 84 . . . 
22 68 42 40 130 42 . 222 1 3 22 0 46 59 9 9 15 

36 77 29 45 185 60 28 205 . , 18 . 48 69 . . . 
13 59 36 37 86 39 . 179 0 0 23 2 119 57 13 8 12 

20 80 66 44 128 42 . 248 0 0 17 0 45 62 12 6 9 

33 87 36 52 81 48 30 193 . . 22 . 58 85 . . . 
19 70 46 45 56 31 . 220 2 1 27 6 46 65 13 6 10 

18 81 58 45 76 37 . 244 0 1 23 0 46 65 11 10 7 

21 96 17 34 265 94 35 227 . , 34 . 145 71 . . . 
10 82 36 32 221 57 . 253 1 1 13 0 109 55 14 4 7 

32 82 18 44 238 71 30 202 . , 16 . 91 84 . . . 
15 70 37 41 169 44 . 216 . 1 17 0 40 62 7 9 13 

15 85 46 39 150 43 . 245 0 0 22 0 43 68 1 1  8 13 

14 69 33 39 190 42 . 216 5 0 22 3 37 59 10 11 12 

38 80 27 41 228 66 27 161 . , 16 . 43 64 . . . 
24 70 56 36 196 42 . 188 1 1 20 2 44 45 12 8 11 

12 76 19 39 292 141 , 198 0 4 18 0 39 57 12 10 4 

13 78 39 35 119 38 . 245 0 2 19 0 51 61 12 10 7 

14 80 23 34 147 38 . 230 3 0 177 3 53 58 13 3 9 

25 93 21 37 204 66 33 209 . . 16 . 357 84 . . . 
19 63 39 35 214 39 . 215 0 0 17 0 38 55 1 1  12 15 

5 75 17 33 159 48 . 239 0 2 18 1 113 61 13 7 7 

12 70 41 31 50 30 . 255 0 , 23 0 38 69 10 11 10 

25 84 10 36 68 49 30 219 . . 20 . 129 89 . . . 
4 63 27 30 198 53 . 259 0 0 16 0 95 65 11 7 11 

10 65 29 27 193 50 . 231 0 0 14 0 50 65 1 1  2 8 

16 77 31 28 130 40 . 241 0 2 17 0 47 58 12 6 1 1  

27 86 12 33 206 66 28 225 . . 15 . 155 73 . . . 
26 73 65 31 171 49 . 251 0 0 15 . 34 64 14 7 9 
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333.50 
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354.20 
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361.30 

367.10 

375.10 

375.80 

375.80 

377.50 

381.30 

386.60 
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390.70 

390.70 

397.50 

402.20 
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410.20 

413.20 

416.85 
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426.30 

429.45 
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434.60 

440.00 

445.90 

445.90 
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450.45 

455.90 

465.65 

468.42 

Rb Sr Ba Zr C r  Ni C o  V Th U Y Pb Cu Zn Ga La Ce 

CY I Trace Element Data (continued) 

24 88 24 41 87 54 37 231 . . 22 . 84 95 . . . 
8 76 50 34 70 35 . 282 0 0 23 0 44 76 13 10 10 

7 68 45 27 158 41 . 265 0 1 19 0 52 58 12 10 10 

20 77 19 31 199 57 35 249 . . 14 . 56 81 . . . 
3 83 38 35 84 35 . 280 0 2 22 3 78 79 16 15 8 

34 98 15 38 145 54 24 214 . . 15 . 32 68 . . . 
21 90 42 36 93 36 . 222 3 1 18 0 36 57 12 10 1 1  

. 81 46 34 106 38 . 267 0 1 17 1 84 55 11  5 1 1  

33 53 14 36 95 44 25 183 . . 18 . 149 75 . . . 
15 44 74 31 72 21 . 216 0 0 21 0 80 51 9 1 1  4 

5 79 45 35 65 30 . 263 0 0 18 0 59 75 14 9 6 

3 75 37 33 38 24 . 265 3 0 19 . 62 77 10 11 7 

17 89 26 40 58 41 31 228 . . 15 . 116 114 . . . 
7 76 34 35 54 26 . 264 . 1 27 0 47 78 11  1 1  8 

5 82 41 33 59 28 . 247 3 6 21 5 53 60 10 9 13 

14 98 10 30 482 242 35 207 . . 14 . 1268 291 . . . 
3 84 33 32 264 196 . 225 0 . 19 0 76 53 8 6 5 

3 85 27 34 48 30 . 252 5 2 19 5 52 59 17 2 14 

3 89 28 33 50 32 . 270 . . 23 0 62 71 16 7 1 1  

40 85 23 36 88 45 28 194 . . 13 . 51 86 . , . 
25 78 44 34 40 27 . 213 3 8 15 0 19 59 12 5 12 

13 76 10 24 880 340 50 197 . . 11 . 385 70 . . . 
4 65 10 24 430 298 . 205 0 0 137 0 90 54 9 . 0 

2 76 23 35 99 39 . 283 0 0 247 1 57 75 11  8 15 

18 91 17 40 107 55 30 229 . . 22 , 72 97 . . . 
5 77 33 36 90 33 . 274 . 2 25 4 56 79 14 8 8 

15 90 34 36 86 36 . 255 0 0 23 0 15 61 12 6 9 

20 96 25 41 31 18 . 274 2 3 26 4 30 74 15 10 11  

37 84 25 40 58 37 26 205 . . 16 . 47 91 . . . 
28 74 39 35 36 19 . 224 1 3 20 1 15 70 12 7 6 

12 77 44 35 90 31 . 203 2 0 18 0 22 58 14 11 8 

4 85 42 35 93 38 . 280 4 6 23 7 84 72 14 9 4 

2 84 47 36 140 48 . 269 0 0 19 0 56 64 12 5 12 

13 97 10 40 203 72 31 239 . . 18 . 71 97 . . . 
23 77 26 32 207 56 . 201 0 3 16 0 21 62 12 4 10 

1 66 21 29 164 51 . 227 0 0 23 0 55 67 9 1 1  8 

16 80 10 35 279 78 33 219 . . 20 . 55 87 . . . 
17 80 14 34 273 80 35 227 . . 16 . 403 94 . . . 
5 70 53 30 202 50 . 252 2 6 19 5 52 68 15 6 1 1  

17 80 10 35 280 84 35 225 . . 23 . 207 96 . . . 
23 93 45 40 120 46 33 201 . . 17 , 131 92 , , . 
16 101 25 40 164 53 31 211 . . 16 . 83 87 . . . 



280 Major Element and Trace Element Analytical Data 

Depth( m) Ti Rb Sr Ba Zr Cr Ni Co V Th u y Pb Cu Zn Ga Lab 

CY I A Trace Element Data 

5.20 0.78 13 78 0 37 295 114 259 0 0 20 11 47 10 MUN 

10.50 14 88 21 47 345 147 37 219 18 64 71 BOCHUM 
10.50 0.85 11 83 9 40 248 I 13 277 0 0 25 3 49 9 MUN 

17.10 1.06 7 83 0 45 19 13 412 0 0 29 9 77 13 MUN 
19.30 1.13 2 89 0 50 13 12 434 0 0 27 4 84 15 MUN 

27.70 16 83 41 56 4 17 30 406 24 23 102 BOCHUM 
27.70 1.29 11 84 25 54 0 0 443 0 0 33 0 14 10 MUN 

30.30 1.37 15 87 18 54 0 0 447 0 0 33 6 49 16 MUN 
40.80 19 88 41 65 10 16 35 399 32 53 120 BOCHUM 

40.80 1.64 12 87 15 63 0 0 447 0 0 39 10 32 13 MUN 

43.80 7 103 13 52 15 25 35 302 21 162 93 BOCI-IUM 

43.80 0.83 3 104 23 48 3 4 334 0 0 25 0 110 12 MUN 

48.90 1.25 13 96 25 52 9 4 444 0 0 34 0 12 17 MUN 

53.40 1.42 9 96 0 55 9 5 492 0 3 29 3 43 16 MUN 
62.10 16 93 39 60 10 19 30 437 25 42 113 BOCHUM 

62.10 1.43 17 96 26 57 5 2 496 0 0 31 10 29 13 MUN 

65.60 1.48 23 101 18 69 0 0 323 0 0 36 I 9 17 MUN 

68.40 0.96 4 88 1 44 24 16 375 0 0 29 I 67 12 MUN 

69.25 7 72 14 34 236 66 32 229 15 90 71 BOCHUM 

69.25 0.51 0 68 10 27 197 41 256 0 6 21 5 64 7 MUN 

73.00 0.67 2 81 0 38 180 41 258 0 6 25 10 45 10 MUN 

89.50 1.28 8 95 7 51 6 9 441 0 0 29 17 47 13 MUN 

97.00 10 86 25 52 14 24 34 319 27 20 76 BOCHUM 

97.00 1.03 9 82 5 47 7 2 377 0 0 32 I 8 15 MUN 

101.10 1.07 12 101 I 50 21 17 378 0 0 28 6 52 13 MUN 

106.40 1.09 13 101 0 49 21 14 383 0 0 27 0 62 13 MUN 

111.90 11 113 19 58 23 39 38 271 23 81 84 BOCHUM 

111.90 1.02 7 Ill 8 54 11 16 334 0 0 28 19 51 15 MUN 

115.30 0.91 7 114 9 50 16 23 285 0 3 27 7 43 14 MUN 

118.00 0.51 4 64 17 25 239 51 253 0 0 18 3 63 9 MUN 

119.20 12 77 0 45 34 34 35 294 22 31 77 BOCHUM 

119.20 0.82 8 75 14 39 24 13 340 0 0 26 0 17 13 MUN 
122.30 0.94 5 78 20 40 27 13 376 0 I 26 5 83 10 MUN 

125.80 0.96 16 88 31 47 13 20 339 0 0 27 4 63 14 MUN 
129.10 18 91 34 50 28 40 30 258 19 12 82 BOCHUM 

129.10 0.87 16 91 11 44 17 18 304 2 0 26 0 6 14 MUN 
136.10 0.81 13 89 21 46 48 31 283 0 0 26 0 48 14 MUN 

138.20 0.70 17 97 16 45 22 24 242 0 0 20 0 4 10 MUN 

142.00 29 98 14 50 39 50 27 210 18 23 65 BOCHUM 

142.00 0.74 26 97 17 45 20 24 243 7 0 26 19 9 11 MUN 

147.40 0.74 24 97 28 44 29 27 246 0 0 20 10 7 14 MUN 

151.10 0.79 23 86 34 44 14 23 269 0 0 22 I 29 13 MUN 

154.60 9 106 41 53 40 39 31 237 22 52 68 BOCHUM 

154.60 0.88 2 101 15 47 29 19 301 0 0 27 0 25 12 MUN 
156.90 0.63 3 75 10 30 173 48 292 0 0 21 1 54 11 MUN 

167.80 1.00 10 87 0 51 21 13 344 0 0 25 13 56 15 MUN 

175.60 I! 95 25 58 28 38 29 270 22 59 82 BOCHUM 



Ti Rb Sr Ba Zr Cr Ni C o  V Th U Y Pb Cu Zn Ga 

CY lA Trace Element Data (continued) 

1 . 0 2  6 92 11 52 15 15 . 347 0 0 27 0 39 . 15 

, 17 90 70 65 15 28 39 333 . , 27 . 73 92 . 
1.32 13 88 33 57 7 8 . 428 0 0 32 0 45 . 16 

. 22 63 87 65 12 22 25 358 . . 26 . 47 115 . 
1.34 21 61 74 62 7 3 . 470 0 0 32 6 30 . 12 

1.40 2 73 9 51 5 0 . 542 8 0 29 25 31 . 12 

1.53 5 72 32 55 3 2 . 595 0 0 33 9 36 . 18 

, 8 87 24 41 158 47 24 235 , . 18 . 34 78 . 
0.67 8 94 18 37 135 25 . 281 0 0 21 11 23 . 11 

0.53 4 80 22 34 262 55 . 231 0 0 20 6 16 . 11 

0.54 3 57 1 22 119 43 . 278 0 0 20 0 24 . 12 

. 5 60 0 31 139 64 34 258 . . I5 . 141 101 . 
0.61 3 58 0 24 106 38 . 307 0 0 18 4 58 . 10 

. 5 102 48 60 1 1  13 32 306 . . 29 . 30 113 . 
1.51 2 100 10 55 3 0 . 399 1 0 36 9 14 . 14 

1.30 9 77 69 56 7 2 . 425 0 0 33 11  93 . 13 

. 9 72 60 62 10 14 29 250 . . 29 . 91 144 . 
1.12 5 71 52 57 0 0 . 316 0 0 35 0 46 . 12 

1.15 6 91 43 59 0 0 . 317 0 0 36 5 52 . 12 

0.53 7 99 57 29 55 26 . 289 0 0 19 0 61 . 10 

0.50 4 79 28 24 191 39 . 280 0 0 19 4 57 . 9 

, 9 80 32 31 253 62 36 245 . . 12 . 101 149 . 
1.25 5 72 46 56 4 1 . 445 0 0 34 0 83 . 10 

0.96 4 97 48 44 25 30 . 352 3 0 28 3 65 . 14 

1.21 7 87 31 61 0 0 . 346 0 0 36 3 28 . 11 

, 4 103 44 65 13 17 32 285 . . 30 . 59 140 . 
1.35 2 102 0 62 0 0 . 395 1 9 36 15 34 . 11 

, 7 89 38 65 19 15 25 235 . . 31 . 30 114 . 
1.25 4 87 16 61 0 0 . 307 0 1 38 13 16 . 11 

1.33 9 95 0 64 0 0 . 368 0 0 38 2 34 . 14 

. 4 57 20 60 14 14 27 237 . . 28 . 117 146 . 
1.12 6 61 13 59 0 0 . 314 0 0 34 8 70 . I1 

. 16 92 55 65 10 25 31 318 . . 28 . 71 93 . 
1.23 0 77 42 63 0 0 . 343 0 0 40 0 168 . 14 

. 9 101 46 60 4 21 27 341 . . 25 . 34 112 . 
1.15 4 96 24 56 0 0 . 422 0 0 32 0 19 . 14 

. 7 83 59 60 10 22 33 302 . . 26 . 89 188 . 
1.15 0 82 30 53 2 3 . 394 0 0 32 7 46 . 12 

6 28 64 85 12 12 28 349 . . 34 . 40 130 

1.65 0 27 0 78 0 0 . 457 0 0 39 3 18 . 13 

. 6 24 43 87 10 14 26 292 . . 36 . 37 127 . 
1.55 2 23 0 83 0 0 . 370 0 0 42 0 13 . 15 

. 7 31 41 78 12 17 32 386 . . 29 . 46 146 . 
1.57 5 33 18 74 3 0 . 506 0 0 35 13 14 . 12 

1.42 0 82 0 64 2 0 . 445 0 0 37 3 27 . 11 

1.40 2 85 20 62 0 2 . 463 0 0 35 8 33 . 14 

. 3 40 25 64 13 21 38 305 . . 27 . 47 173 . 
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Major Element and Trace Element Analytical Data 

r D e ~ t h ( m )  1 Ti Rb Sr Ba Zr Cr Ni Co V Th U Y Pb Cu Zn Ga 1 Lab 

CY l A  Trace Element Data (continued) 

1.40 1 41 1 64 3 0 . 447 0 0 3 3  0 21 . 13 

1.56 7 31 50  72 7 0 . 512 0 0 33 1 5 . I 1  

MUN 

MUN 

MUN 

BOCHUM 

MUN 

MUN 

MUN 

BOCHUM 

MUN 

MUN 

MUN 

BOCHUM 

MUN 

MUN 

MUN 

BOCHUM 

MUN 

MUN 

MUN 

BOCHUM 

MUN 

MUN 

MUN 

BOCHUM 

M UN 

MUN 

MUN 

BOCHUM 

MUN 

MUN 

MUN 

BOCHUM 

MUN 

MUN 

MUN 

BOCHUM 

MUN 

MUN 

MUN 

BOCHUM 

MUN 

BOCHUM 

MUN 

MUN 

MUN 

BOCHUM 

MUN 



Ba Zr Cr Ni Co V Th U Y Pb C u  Zn Ga 

C Y  lA Trace Element Data (continued) 

0 94 0 0 . 72 16 0 45 2 25 . 1 1  

40 64 8 11 22 177 . . 30 . 27 152 . 
0 68 0 0 2 3 1  11  0 3 6  9 23 . 1 1  

0 54 9 2 . 408 8 0 32 6 27 . 8 

7 55 1 4 , 385 8 0 33 4 19 , 1 1  

0 81 0 0 1 4 2  1 0 3 8  4 4 . 12 

41 70 3 15 21 335 . . 28 . 10 241 . 
6 67 12 0 . 531 5 2 40 13 49 . 14 

0 64 12 0 , 608 19 0 35 13 46 . 1 1  

0 58 12 11 . 392 7 0 33 4 20 . 13 

33 64 14 17 35 346 . . 22 . 285 264 . 
2 61 13 3 . 519 10 1 36 29 6 . 13 

0 100 0 0 . 34 16 0 54 8 17 . 13 

34 108 6 12 11 53 . . 46 . 626 187 . 
0 101 0 0 . 44 0 0 50 9 116 . 13 

0 97 0 0 , 43 5 5 47 15 36 . 13 

9 56 9 0 . 571 12 9 32 14 37 . 11 

33 57 9 I8 30 365 . . 26 . 171 196 . 
13 60 16 9 . 372 0 0 36 7 30 . 13 

5 51 18 13 . 351 7 0 28 5 51 . 8 

0 62 2 0 . 435 0 0 36 0 14 . 15 

0 57 0 2 . 381 4 0 29 0 013 . 11  

16 61 8 25 14 308 . . 25 . 1345 159 . 
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0 0 27 9 198 . 13 

3 8 41 1 1  91 . 13 

. . 23 . 609 136 . 
4 0 28 5 438 , 12 

5 0 31 16 31 . 14 

11 0 32 0 93 . 13 

. . 25 . 181 147 . 
16 0 31 16 101 . 11 

9 7 25 15 154 . 1 1  

3 0 42 12 227 . 11 

, . 46 . 69 74 . 
0 0 42 9 42 . 12 

0 5 45 7 120 . 8 

. . 23 , 76 136 . 
3 0 30 5 43 , 13 

. . 22 . 54 137 . 
4 0 29 7 28 . 13 

0 0 35 6 40 . 14 

, , 35 , 375 61 . 
9 2 45 21 178 . 14 

. . 30 . 147 102 . 
0 0 36 0 82 . 14 
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