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ABSTRACT

The effects of hydrothermal alteration and ore mineralization

were studied in 34 basalt drill core samples from the Agrokipia

Cretaceous seafloor hydrothermal system in Cyprus. Transmitted .

and reflected light microscope, X-ray diffraction and electron

microprobe techniques were employed to determine the variation of

secondary minerals and textures with depth. The depth intervals

examined were the 24.00 m to 92.85 m interval in hole CY-2 and the

136.70 m to 406.85 m interval in hole CY-2A. These intervals represent

the most altered sequences of the cores.

The four stable secondary mineral assemblages which occur in the

samples studied are:

1)

2)

3)

4)

smectite + green chlorite + minor quartz + hematite in
relatively fresh to partly altered basalt (in CY-2 samples
and in CY-2A between 136.70 m and 150 m)

chlorite (green and brown) + smectite + pyrite + sphalerite
+ chalcopyrite in highly mineralized and partly to highly
altered basalt (CY-2A 150 m to 170 m)

illite + quartz + sphene + pyrite + hematite in highly to
pervasively mineralized and pervasively altered basalt
(CY-2A 170 m to 300 m)

abundant green and brown chlorite + albite + epidote + minor
pyrite + trace sphalerite in partly mineralized and highly

to pervasively altered basalt (CY-2A 300 m to 406.85 m)

iii



With the exception of the 30 m to 60 m interval, it appears
that hole CY-2 did not penetrate any hydrothermally altered basalts
while the 150 m to 300 m interval in hole CY-2A represents the most

intense hydrothermal activity.

Microprobe analyses revealed the occurrence of Mn-rich chlorite
and calcite with the highest Mn content in the chlorite of sample
CY-2 92.85 and the calcite of sample CY-2A 153.25. The MnO values of
the chlorites in hole CY-2A appear to increase with depth while those
of calcite decrease with depth. In all cases, the vesicle chlorites

contained higher levels of MnO than the matrix chlorites.

iv
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on the ancient sea floor (Constantinou and Govett, 1973). Fluid
inclusion and strontium isotope studies have confirmed that modified
seawater was the main ore-bearing fluid and that the hydrothermal
alteration involved seawater-rock interaction (Spooner and Bray, 1977;

Spooner et. al., 1977).

Recovery of drill core from the stockwork zone of a Cyprus mas-—
sive sulphide deposit will permit a three-dimensional study of a
convective hydrothermal system to determine the geological,
chemical, and physical characteristics and parameters of a single
circulation ceil. The Agrokipia A ore deposit was chosen as the
drilling site for CY-2 (figure 1, inset) because the massive
sulphides had already been mined out so that the hole would start at
the top of the stockwork zone and pass downward into the hydrotherm-
ally altered basalts. Howevér, CY-2 did not penetrate extensively-
altered and mineralized basalts and therefore another attempt was
made to intersect a stockwork zone, this time at the Agrokipia B
deposit where hole CY-2A was drilled (figure 1, inset). CY-2A
recovered approximately 550 m of hydrothermally altered basalts as
evidenced by the pervasive altération and mineralization of the

CY-2A samples below 150 m depth.

1.2 Purpose of the Thesis

" This thesis describes a petrologic study of drill core samples
from the Agrokipia paleohydrothermal system using transmitted and

reflected light microscopy, X-ray diffraction and electron microprobe



techniques. The study concentrates on the highly altered sequences

of both CY-2 and CY-2A.

The variation of the alteration minerals and textures with depth

will be examined to determine the paragenetic sequence of the secon-

dary minerals, as well as stable secondary mineral assemblages.



35°30'

35°00'

(o] 7 10 13 20 MILES
[§ i i J

0 S 10 13 20 23 KILOMETERS

Kyrenio

KYRENIA RANGE

Morphou
d T he
(T “““ ". e MESAOR “'~¢yN(cosm
NEBENY TS :I Haso la PLA\N _\ Famagusla
e Mavrovous] {8 P Kokkinoylg “ -3 -
A . S e
' Mo kinbusa ' ! Aptini™ i Agrokipie WO yrean -
' Limnl \' et b ) Kohhlnopezo‘u'u Kombla S (ﬂ‘@)
i I S 1 EE
-l:l:l"?o(j'. .'.:lpi‘;': Sho l
%, by 008 e LTI fLermoce
4y ; 'I‘ll".""" l ;
(o) : (] Treaanr]
", t{"&,] ‘ SEDIMENTARY ROCKS
) - 7L YMousoulos .
Paphos OMPLEx Q-«;(ﬂ D ,
IGNEOQUS ROCKS
[N ueeer ano Lower PiILLOW Lavas
Limassol [ .f 'I BASAL GROUP AND DIABASE
) lj GABURO - GRANOPHYRE SUITE,
—d ULTRAMAFIC SUITE.
©  SULPHIDE OREBODY
--- EOUNDARY BETWEEN GREEK AND
| | TURKISH ZOHMES
32°30' 33°30'
Figure 2. Index map of the Troodos mass(f, Cyprus.













]
100lo48 Apmig jeisni) snidA) ‘ejoy Qg N0>U N voneaeisuny Jo 0dA} NIOMYI0IS
“ ) . ,
sdung .4, uesson
- \\ omo ssjiIsepue pue sjjeseq jo
= SEAR MO}|ld Jom
¥ = 1 td 1 SMO|} 8JBUIpIOQeS pue Pamojild
! .
ney peudul __——"" | jjeseq audig
|
ey ___— SBAR) MOj|id J8ddn S}|eSeq BUIAIO JO SMO|} BAISSE
OAQ syeseq aumio pamopd | 7
. n A A \/_

seae| pemojjid jo dip JO Junowe pue UONDAIQ 2T ¢ equn l

Asepunoq |eoiBojoey ___— S)204 Aseyuswipes ..mac_,.of

GN3931
G961 ‘nOjolARUERY 'y pue BlEeS 1 JBYY 2861 SNMidA) ‘luswpedeaq Aeaing |eaifojos Aq umeug

(I\((((,\:\((((( Wew Vv v

T T T V7T

T
seneW 00€ 002 001 0 001 Senay

(/\(((,.\

N : . - ...1\/))))))))\/))))))

AAANAAAANAAANANAANAAAAANAAANAAAA
AANAAA~AANSNANNANAANAANANN AN
A A~ NN AN AA A AN A A

\/ AA AT NAAAA AN A
NS NN AN AN \‘,

AN AN AN AN AN A

SN A A A A A
NN A AN A AN

AN A A

AA A A A A A A l/l/A (N>U ¢
AN AN AANAANA AN A AN :

ANA N A A AN AN ANANANAAAN

ApogaiQ
SRS L..m eidijoutly

AANN AP A A A~A AN~ AN

(ORI S A N AT WA N - ))\/L\,\/’)\/\.\,

. LN ~ / AA A A AN AN ~
7
S A A A A N N P NS pS i

.
A A A~

eidigoiby

1447
PPN /\,)\)\/\/)\/)«)/)J/\.\

\.,)\/.,.)))\/\1\/\/\\/

\N//,) NAAA A A NN A A A A A A )/)/ o4 N A A S A A A A LA N A A AN A
\/‘) AN AN AN o~ SNA A A A \//uld) L N S N A T e e S I S TR AN AN e NV N A ST
~ \// AN A A A AN N ~ A \/// SooA A A - ~ LN A A A AN AN A A AT
-~ M_ N~ A A \/‘/ ~N A AN A A N N R R A S \

AN A A AN AN A A A AN YA AN A ANAAN A AN~ ;A

A AN Aa s s

. 2z N // Om;\, <A P S
PR NRANEA \,))Ww/ﬁ/@,ma ~ /o/_)); Ly . SN A

I
e

- V3HV VIdINOYOV 3HL 40 dVW TVJID0103D ¢ MiN9La










continued until 1960. Only about 300,000 tons of the estimated 765,000

tons of reserves were mined (Table 1, I.C.R.D.G., 1983, in press).

Table 1. .Production from Agrokipia Mines

Agrokipia A  Agrokipia B

1951-1960 1958-1964
Ore Mined 332,838 tons 74,074 tons
Pyrite Produced 134,197 tons 65,398 tons

In 1957, drilling was carried out on a gravity anomaly to the
east of the Agrokipia A deposit in an area devoid of any surface
indications in the form of gossans. This revealed the presence of
the Agrokipia B orebodies at depth. The orebodies were mined by
sublevel stoping methods between 1958 and 1964, during which time

only about 74,000 tons of the 5.7 million tons of reserves were mined.
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FIGURE 5. Downhole lithologies and alteration styles in drill core samples
from CY-2 and CY-2A. The column to the left of the cores displays the alt-
eration style, with greater distance from the core indicating greater tem-—
perature and pressure conditions of metamorphism. S= alteration to smectite-
and zeolite-group minerals. A= argillic alteration characterized by the
presence of quartz, illite and abundant pyrite. G= greenschist style alter-
ation as indicated by abundant chlorite as well as epidote, albite and pyrite
(modified from I.C.R.D.G., 1983).
















PLATE 1: CY-2 92.85 m. Relatively fresh basalt with euhedral plagioclase

microlites. Magnification: 10 X 1.6 X 8.

PLATE 2: CY-2 24.00 m. Partly altered basalt with subhedral plagioclase
microlites partly altered to chlorite and smectite.

Magnification: 10 X 1.6 X 8.









PLATE 4: CY-2A 243.05 m. Pervasively altered basalt with plagioclase
microlites completely pseudomorphed by illite. Relict inter-
sertal texture is preserved. Magnification: 10 X 1.6 X 8.

Crossed nicols.

PLATE 5: CY-2A 243.05 m. Pervasively altered basalt with no recog-
nizable relict igneous texture. Plagioclase microlites are
completely altered to illite. Magnification: 10 X 2.0 X 8.

Crossed nicols.
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of ore minerals. Sulphides are a majotiéémpOnent (>20% of the matrix
in a pervasively mineralized basalt. Samples in which highly
mineralized veins and/or vesicles comprise at least 25% of the sample
are also classified as pervasively mineralized even though the

proportion of ore minerals in the matrix may be less than 20%.

3.2a CY-2 Samples

Eight samples were examined from the upper, most altered section
of the CY-2 core. Only one sample is pervasively altered while five
are partly altered and the two deepest samples are relqtively
fresh (table 2). Detailed descriptions of the samples appear in

Appendix 1.

(i) Relatively Fresh Basalt (CY-2 92.30 m and 92.85 m): The two

relatively fresh samples come from the same pillowed basalt unit in
CY-2. They consist of brecciated, glassy basalts with a hyalophitic
texture. The major components of the matrix are green and brown
smectites and relatively fresh labradorite microlites (plate 1).

A minor proportion of the microlites, as well as several phenocrysts,
have undergone slight alteration to green, anhedrai”chlorite which

is a subordinate component of the matrix. Scattered, fine-grained,
anhedral quartz is a trace component of the matrix. Very fine-grained
primary anhedral pyrite, subhedral magnetite grains and euhedral
ilmenite laths are disseminated in the matrix. Very fine-grained

sphalerite may also be present in CY-2 at 92.85 m.



Table 2: CY-2 Sample Descriptions

The sample numbers represent the depth in meters in the core. M=major component(>20%), S=subordinate component
(>10-20%) , m=minor component(5-10%), t=trace component(<5%). These symbols apply to the matrix mineralogy.
The vein and vesicle minerals are simply written in order of decreasing abundance.

s v ° “ of o] o o] I
N - . | Vesicle | T| Vein oo =3 I I 'é AR R EEE 8]

Sample Description Core Unit Texture & | Minerais | > | Minerals o| 5| = g 51 & <12 el &l gl sl 2 s Others
2 2 AR EH R EIE R

24.00 Partly altered IT:pillowed hyalophitic|4 |quartz <l|quartz MM SIS mi{m{|t !t
basalt lava chlorite

48.05 [Pervasively altered [III: pillowed jrelict 4 | quartz 3 | chlorite S |im M m m
and partly mineral- [lava hyalophitic pyrite
ized basalt hematite

76.70 |Partly altered basalt{V: massive flow intersertal| 5 | chlorite|{l |hematite|M |M t SIM m t

quartz
calcite

79.63 |Partly altered basaltV: massive flow] intersertal| 4 | chlorite|l |quartz S |M m|S |M m t

quartz calcite |
calcite i !
P ,
82.50 [Partly altered basaltV: massive flow| intersertal 5 |hematite!S IM miS |M | m t
i quartz f
chlorite |
84.15 [Partly altered basaltV: massive flow| intersertal|8 | smectite|5 |smectite!M |M fS S m t idding-
chlorite chlorite : site, t
quartz quartz ;
pyrite pyrite |
hematite ; ; _

92.30 JHighly brecciated, VI: pillowed |hyalophitic|3 |chlorite|20|quartz |[M |S 5 't M t it ana-
relatively fresh, lava quartz hematite ! | tase, t
glassy basalt chlorite ;

pyrite ! .

92.85 SO?eWbatlbricclated, VI: pillowed |hyalophitic|5 |chlorite|10|chlorite|M |S It |M ! t {t |t |t
relatively fresh, lava quartz quartz '
glassy basalt ithematite '
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The vesicles are filled with two phases of chlorite and quartz.
Lining the vesicles is an anhedral, olive-green chlorite which is
optically indistinguishable from the chlorite in the matrix. This
is followed by a layer of quartz and a core of chlorite, or directly
by a core of subhedral, bluish-green flakes of chlorite (plate 6).
The chlorite in the core has a higher birefringence than the chlorite
lining the vesicles. The quartz, where present, occurs as fine,

anhedral grains between the two varieties of chlorite.

The fractures comprise a significant portion of the sample
(10-20%) and are filled with mixtures of chlorite, quartz, botryoidal
hematite, and minor fine-grained pyrite. The hematite also displays

colloform textures and appears to be a later phase.

(ii) Partly Altered Basalt (CY-2 24.00 m and 76.70 m to 84.15 m):

Four of the partly altered basalt samples belong to the éame massive
flow unit and have an intersertal texture while the shallowest sample
is a pillowed basalt with a dominantly hyalophitic texture. €hlorite,
plagioclase (probably labradorite), and smectite are the dominant matrix
minerals, while quartz occurs in subordinate quantities. The plagio-
clase microlites are partly altered to chlorite and green or brown
smectite. Chlorite and calcite are replacement minerals of occasional
plagioclase phenocrysts. Chlorite is present as fine-grained, anhedral
patches or as very fine-grained subhedral f;akes, sometimes arranged

in radial structures. Quartz occurs as fine, anhedral, isolated grains
or as aggregates which appear to be replacing primary phenocrysts of piagio—

clase. The primary igneous ore minerals are minor to trace, disseminated,
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grained components of the matrix and consist of anhedral pyrite,

subhedral and skeletal magnetite, and euhedral ilmenite.

Chlorite, quartz, calcite, and in one sample smectite and
secondary pyrite, fill vesicles which comprise minor portions of the
sample. Quartz, chlorite, calcite, smectite, and hematite fill
small fractures which form an insignificant proportion of the sample.

(iii) Pervasively Altered and Partly Mineralized Basalt
(CY-2 48.05 m):

Only one sample of those studied from Hole CY-2 is pervasively altered
and partly mineralized. CY-2 48.05 m consists of pillowed basalt with
relict hyalophitic texture. The plagioclase microlites have been
completely replaced by chlorite and quartz. Unlike the relatively
fresh and partly altered samples, the pervasively altered basalt
contains no smectite. The major components of the matrix are quartz
and chlorite with quartz comprising about 607 of the matrix and chlor-
ite about 20%. Chlorite occurs as very fine-grained anhedral patches
or as subhedral flakes replacing primary pyroxene and/or olivine
phenocrysts. Quartz is present as fine, isolated, anhedral grains

or as aggregates of quartz grains replacing primary olivine (?) and
plagioclase phenocrysts. A minor amount of illite is present as a
replacement mineral of plagioclase laths. Very fine-grained primary
pyrite and cryptoérystalline magnetite are disseminated in the matrix,
while secondary fine-grained pyrite is concentrated in vesiculated
areas of the matrix adjacent to veins. The ore minerals comprise a

minor proportion of the matrix.
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Approximately 4% of the sample consists of vesicles filled with

quartz whose grain size increases from the rim towards the core.

Two varieties of chlorite occur as separate phases in the veins.
One variety has anomalous blue birefringence and lines the veins while
the interior is comprised of chlorite with very dark-grey birefrigence.
Occasionally, minor secondary pyrite is present in the core. A
pyrite and iron-oxide/chlorite vein was observed in the hand sample

only.

3.2b CY-2A Samples

The 26 samples examined from the most altered section of hole
CY-2A can be grouped into four categories: a short interval (samples
136.70 m and 141.45 m) of relatively fresh basalt, followed by a short
section (samples 152.90 m to 161.19 m) of partly to highly altered
and highly mineralized basalt. This grades into a long interval
(samples 173.66 m to 285.05 m) of pervasively altered and highly
to pervasively mineralized basalt which is underlain by another long
section (samples 302.35 m to 406.85 m) of highly to pervasively
altered and partly mineralized basalt. Abbreviated descriptions of
the CY-2A core samples are shown in table 3 while more detailed

descriptions appear in Appendix 2.

(i) Relatively Fresh Basalt (CY-2A 136.70 m and 141.45 m):

Although the two samples belong to different lithologies - 136.70 m

is a massive glass while 141.45 m is a massive crystalline basalt -
they exhibit similar alteration styles in that the dominant

alteration minerals are smectites.



Table 3: CY-2A Sample Descriptions

The sample numbers represent the depth in meters in the core.
(>10-20%) , m=minor component (5-10%), t=trace component(<5%).
The vein and vesicle minerals are simply written in order of decreasing abundance.

M=major component(>20%), S=subordinate component
These symbols apply to the matrix mineralogy.

v » : ® 2 [ & i ’
- | S| vesicle | | vein |Z|2|ol2|. lele|2lElElE] %3
Sample Description Core Unit Texture %. Minerals >°Minerols ?é HE 2 § ? 5 2l E §§ E 2 S Others
PN o~ wio Crola wl x| =] - nl o
136.70 |Fresh,vesicular, VI: massive perlitic 20| smectite| 8|smectite|)yM t fresh
massive glass glass fractures gypi;? glass,M
zeo e
141.45 | Relatively fresh VI: massive intersertal| 5 | quartz 8 |quartz M im t |S t jm |t celado-
basalt crystalline smectite nite,§
basalt celado- i
nite
152.90 | Partly altered and |VII: massive hyalophitic| 8 |quartz <1l{sphale-~ |M M m |S m {m |t
highly mineralized lava with pyrite rite ‘
basalt hydrothermal sphale- pyrite
veins rite quartz
chalco- calcite
pyrite chalco-
chlorite pyrite
calcite
153.10 |Partly altered and |[VII: massive ‘ |hyalophitic | 8 | quartz 25| quartz | M | M m ! m m|m|t |t lau-
highly mineralized lava with sphale- sphale- montite
glassy basalt hydrothermal rite rite in vein
veins pyrite pyrite
chalco- calcite
pyrite laumon-
tite
153.25 |Partly altered and VII: massive hyalophitic | 20| quartz 25|quartz |M |M |m |t |t |m m |m {t
highly mineralized lava with pyrite sphale-
glassy basalt hydrothermal sphale- rite
veins rite pyrite
: chlorite
156.91 | Highly altered and | VIIla: massive| hyalophitic 97! quartz S |M t |t |m m |t
mineralized basalt lava pyrite
is cut by a large calcite
qtz-pyr-calc vein chlorite



® . b vl W bud ECI
, o _ .T._;VesicleEVein E.§g§N%§§E§§35§
Sampie Description Core Unit Texture i’, Minerals | > | Minerals | S| 3| = § £ E’ 2k g = T 5 _g Others
52 ® Eéfuéawu?;gzagg
159.37 |Highly altered and |[VIIIa: massive |relict 60 |quartz M| S t t]t
mineralized basalt lava hyalophitic pyrite
is cut by a large sphale-
qtz-pyr-sph vein. rite
161.19 |Partly altered and |VIIIa: massive |hyalophitic| 8| quartz |<1| quartz S{M|m S| S| m m|{m| t
mineralized glassy glass chlorite sphaler-
basalt sphale- ite
ite pyrite
pyrite
173.66 |Pervasively altered |VIIIb: massive|relict 20| quartz S| M| S S m t |anatase
and partly mineral- |lava hyalophitic chlorite t
ized basalt
183.50 |Pervasively altered |VIIIb: massive {927 of sam-|<1| quartz (35| pyrite t| M m S M
and mineralized glass ple has no
basaltic glass relict text-
ure, 8% has
relict
intersertal
193.00 | pyrite-quartz-minor |[VIIIb: massive |vuggy 15 |empty 10Q45% qtz.
chlorite vein ore texture vugs 457 pyr.
10% chl.
t gypsum
207.00 | pervasively altered |VIIIb: massive|relict 6| quartz 5| pyrite | m| M| S M S S
and highly mineral- |lava hyalophitic calcite YJuartz
ized basalt
243.05 | Pervasively altered |VIIIb: massive|80% of sam-|35 quartz 1| quartz M m M S| t
and highly mineral- {glass ple has no illite pyrite
ized basaltic glass relict tex~ pyrite
ture, 207 has
relict
intersertal
248.70 | quartz-pyrite-hema- |VIIIb: massive|vuggy 10 |empty 10Q M qtz.
tite vein lava texture vugs M pyr.

S hem.




° ) [ H o} o] o & %
o A o S| Vesicle | S| Vein Eé.zg%ég’é"éiz'sg
Sample Description Core Unit Texture <| Minerals | > | Minerals 'é 5 g -S 5 Cg_’ = -g € sl el s g 5| Others
3 ° w|S|T|eloelg|?|w|z| 22| a]l &
270.15 | Highly altered and | VIIIb: massive| relict 10| quartz |5 |quartz M|S Mlt]|S |t m
mineralized basaltic| glass hyalophitic pyrite pyrite
glass
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qtz-hematite-pyrite hematite
vein(described in calcite
matrix columns since
it comprises 927 of
sample)
277.40 | Pervasively altered | VIIIb: massive| relict 5 | quartz |[<1| quartz S |M M S|t t
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by a large qtz-hem- sphale-
pyr vein which is in ite
turn cut by a pyrite
vein
302.35 | Pervasively altered | XI: altered relict <1} quartz 1 |calcite Mim|t M|t |m |t t |t anatase,
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chlorite pyrite
pyrite
332.85 | Highly altered and |XI: altered relict 2 |quartz |1 | pyrite |m [M |m |t im |[S [S |t m
partly mineralized | dike hyalophitic chlorite chlorite
basalt pyrite
350.45 | Highly altered and |XI: post-min- | relict 3 quartz |2 {chlorite{M |M m|m |t |m|t m m
partly mineralized |eralization intersertal chlorite calcite
basalt dike calcite pyrite
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368.02 | Pervasively altered | XII: post- hyalophitic SIM|mjt | mim t m t
basalt mineralization
dike
386.40 | Pervasively altered | XITI: altered | hyalophitic| 4 | quartz M S|S|m |m t |t
and partly mineral- | dike
ized basalt
404.40 PetVasively altered ; XIV: glass highly 25| quartz | 15| quartz M m|m mit |t
o hyaloclastite breccia fractured chlorite chlorite
‘ pyrite
sphaler-
: ite
406 .85 Highly altered,- XIV: pillowed | relict <£1| quartz |5 quartz M m|t{M|m m |m
partly mineralized, | lava hyalophitic pyrite pyrite
and highly fractured chlorite
smectite

basaltic glass
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The fresh, vesicular basaltic glass in CY-2A 136.70 m is altered
only around the vesicles which comprise approximately 20% of the sample
(plate 7). Tan-yellow to rust-yellow smectite(s) fill the hairline
fractures which make up approximately 8% of the sample. The same clay
mineral, or mixture of clay minerals, fills most of the vesicles and
forms a colloform ring around all of them. Minor vesicle-filling
minerals are fine-grained, colourless, euhedral gypsum laths and a
beige-brown zeolite mineral. Trace, anhedral, very fine-grained
primary pyrite is scattered throughout the fresh glass. The fractures
in the glass are dominantly perlitic, formed by cooling and subsequent
contréction of the glass.. The sample has evidently undergone little,

if any, brecciation and is therefore described as a massive glass.

CY-2A 141.45 m is texturally similar to the relatively fresh
basalts in hole CY-2, however it differs mineralogically in that it
contains only minor amounts of chlorite. The dominant alteration
minerals are green and brown smectites. Bright, forest-green
spicules of celadonite fill interstices between labradorite
microlites and comprise a subordinate proportion of the matrix.

The generally unaltered, subhedral to euhedral labradorite microlites
also comprise a subordinate proportion of the matrix. Green chlorite
is a minor component, present as fine-grained subhedral laths to very
fine, anhedral grains. Trace anhedral quartz grains are scattered

in the matrix while trace amounts of anhedral hematite are concentra-
ted adjacent to veins and vesicles. Magnetite, and lesser ilmenite,

are minor, disseminated components of the matrix and are cryptocrys-

talline to fine-grained.






PLATE 7.

PLATE 8:

CY-2A 136.70 m. Fresh, vesicular, massive glass with perlitic
fractures. The clear, lath-shaped vesicle-filling mineral is
probably gypsum. The brown amorphous mineral in the large
vesicle on the left is a zeolite mineral. The more common
orange-brown mineral in the vesicles,and forming the colloform
ring around most vesicles is smectite(s).

Magnification: 2.5 X 1.25 X 8.

CY-2A 141.45 m. Dark-green spicules of celadonite, brown and
light green smectite fill a vein in a relatively fresh basalt.

Magnification: 2.5 X 2 X 8.
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The veins are filled primarily with brown and green smectite,
lesser celadonite, and locally quartz (plate 8). The vesicles are
filled entirely with quartz. Up to four generations of quartz,
distinguished by their different textures, may fill a single
vesicle.

(ii) Partly to Highly Altered and Highly Mineralized Basalt
(CY-2A 152.90 m to 161.19 m):

Five of the six samples included in this category belong to massive
lava units while the sixth, CY-2A 161.19, is a massive glass. These
samples are characterized by hyalophitic or relict hyalophitic
textures and contain significant proportions of secondary ore
minerals. The ore minerals are disseminated in the matrix or concen-

trated in veins and vesicles.

The matrix is dominated by chlorite which can vary in colour
from almost coloéourless, to green, to brown. Beige to dark brown
smectite comprises subordinate to major proportions of the matrix,
however in one sample, 159.37 m, it was not present at all. Colour-
less to orange-brown illite occurs in minor to subordinate amounts in
three of the samples where it is concentrated adjacent to the veins
and vesicles. Fine-grained, anhedral quartz can vary in proportion
from a trace to a subordinate component. Trace to subordinate amounts
of primary plagioclase microlites are partly to highly altered to
chlorite and/or smectite and/or illite. Minor amounts of crypto-
crystalline, brow, equant grains of sphene are present in two of

the samples. The secondary ore minerals in decreasing proportion
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are anhedral to euhedral pyrite, subhedral to euhedral honey-
yellow sphalerite, and anhedral chalcopyrite. They are very-fine

to fine-grained and disseminated.

The vein-filling minerals are quartz, pyrite, sphalerite, calcite,
chalcopyrite and, in sample 153.10, trace, medium-grained euhedral
laumontite (?) laths. Generally, quartz is the dominant vein-filling
mineral with sphalerite and pyrite present as subordinate components.
Calcite usually forms a minor proportion of the veins but is present
in significant amounts in two of the six samples. Chalcopyrite,

where present, is a minor to trace vein mineral.

The vesicles contain fine-grained flakes of chlorite in addition
to all vein-filling minerals but laumontite. Quartz is again the
dominant mineral while the order of abundance of chlorite, pyrite,
sphalerite, calcite, and cﬁalcopyrite in the vesicles varies

between samples.

The sphalerite in the veins and vesicles has a variable iron
content as characterized by the colour. The dominant, honey-yellow
sphalerite contains less iron than does the rust-brown sphalerite.

(iii) Pervasively Altered and Highly to Pervasively Mineralized

Basalt (CY-2A 173.66 m to 285.05 m with the exception of
282.45 m):

The ten samples included in this category belong to alternating units
of massive glass and massive lava. Six of the samples have no
recognizable igneous textures while four samples display relict
hyalophitic textures. Small areas in two of the samples display

relict intersertal textures.
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Very fine-grained flakes of subhedral illite, as well as
cryptocrystalline, brown, equant grains of sphene are ubiquitous
in these samples and present in subordinate to major proportions.
Quartz is commonly a dominant matrix mineral although in three of the
samples it is present only in trace to minor amounts. Colourless to
pale green, anhedral, fine-grained patches of chlorite occur either
in trace, or in subordinate to major proportions. Secondary, very
fine- to fine-grained pyrite is disseminated in the matrix and in most
samples, comprises minor to subordinate amounts of the matrix.
Epidote first appears in CY-2A at 270.15 m as a trace component and
is present in this proportion to the base of this interval. Primary
plagioclase microlites have been completely replaced by illite and

lesser quartz and pyrite (plates 4 and 5).

Quartz and pyrite are the most common, dominant, vein—filling
minerals. Significant proportions of anhedral and botryoidal hematite,
in addition to quartz and pyrite in the veins of three samples forms
the large "jasper-quartz-pyrite' veins which penetrate the pervasive-
ly altered basalt (plate 9). In some samples, smaller, 100% pyrite
veins crosscut the jasper-quartz-pyrite veins and represent an even
later phase of mineralization. Chlorite, calcite, gypsum and
sphalerite are occasional vein-filling minerals but are present only
in trace amounts. Sphalerite occurs as cryptocrystalline, droplet-

like inclusions in the pyrite.

Variable proportions of quartz, pyrite, chlorite, calcite and
illite fill the vesicles. Quartz is present in all samples and is

usually the dominant phase.
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(iv) Highly to Pervasively Altered and Partly Mineralized
Basalt (CY-2A 282.45 m, and 302.35 m to 406.85 m):

The eight samples included in this interval belong mainly to altered
dike or post-mineralization dike units, however 404.40 m comes from a
glassy unit and 406.85 belongs to a pillowed lava unit. The textures
displayed by these samples include hyalophitic, porphyritic
hyalophitic (the post-mineralization dike at 282.45 m), relict
hyalophitic and relict intersertal. In addition, sample 404.40 m is

a hyaloclastite breccia.

Brown or green, subhedral to anhedral chlorite is the dominant
matrix component. Anhedral, fine quartz grains are commonly present
in minor amounts although two samples contained subordinate and major
proportions of quartz. Two types of plagioclase occur in these samples
in trace to subordinate amounts. Lesser, anhedral micrqlites that
are highly altered to illite and/or chlorite and/or secondary albite
believed to be primary plagioclase microlites while the more dominant,
subhedral to euhedral, relatively fresh microlites are secondary
albite. Smectite is present in subordinate to major proportions in
the post-mineralization dike units, and in minor proportion in one of
the altered dike units (perhaps this is also a post-mineralization
dike?). Cryptocrystalline, equant brown grains of sphene occur in
variable proportion from completely absent to major, however in most
samples sphene is a minor component. Minor. amounts of very-fine to
fine-grained flakes of illite are found in the first five samples of
this interval but are absent in the last three samples. Very fine-

grained anhedral calcite, and anhedral to euhedral epidote, occur
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scattered in the matrix in trace to minor proportions. The highest
proportions of epidote are present in the last two samples of the
interval indicating increasing temperature conditions and, together

with abundant chlorite and albite, the onset of more readily recognizable

greenschist facies conditions.

The ore minerals comprise a minor proportion of the samples in
this interval and consist of magnetite, primary and secondary pyrite,
sphalerite, and trace chalcopyrite. Subhedral and skeletal magnetite
~is present in minor amounts in the post-mineralization dike units only.
Primary, anhedral pyrite is found in variable proportions in the first
five samples (including the three post-mineralization dike units) but
is absent in the last three. These samples contain a greater proportion
of subhedral to euhedral, fine-grained secondary pyrite as well as trace
to minor amounts of subhedral to euhedral sphalerite, and in sample
404.40 m, trace, anhedral chalcopyrite., The sphalerite is dominantly
honey-yellow in colour although some grains are the brown, more iron-

rich variety.

With the exception of sample 404.40 m, veins and vesicles comprise
insignificant proportions of the samples in this interval, and are
filled with variable amounts of quartz, chlorite, pyrite, calcite and

illite. However, quartz is the dominant phase in the vesicles in all

cases.

In the hyaloclastite breccia sample (404.40 m), fractures and
vesicles make up approximately 35% of the sample (plate 10) and are

filled primarily with quartz and chlorite, while pyrite and sphalerite






PLATE 9. CY-2A 285.05 m. Quartz-jasper-pyrite vein is projecting into

pervasively altered basalt. Magnification: 2.5 X 1.25 X 8.

PLATE 10. CY-2A 404.40 m. Hyaloclastite breccia. Dark brown mineral is
chlorite. Fractures are filled with quartz and green chlorite.

Magnification: 2.5 X 1.25 X 8. Crossed nicols.
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are minor phases. Note the contrast between the highly brecciated
appearance of this glass and the unbrecciated form of the massive

- glass sample (136.70 m) shown in plate 7.

3.3 Ore Mineralogy

Six ore minerals were identified in the drill core samples. In
approximate order of decreasing abundance these are: pyrite, hematite,
sphalerite, magnetite, chalcopyrite, and ilmenite. The different
forms of occurrence of these minerals are described in this section,

while their paragenetic sequence is discussed in section 6.2.

(i) Pyrite: Pyrite occurs in a variety of forms ranging from
cryptocrystalline to medium-sized and anhedral to euhedral grains.
It is found disseminated in the matrix as well as in veins and
vesicles. Some forms of pyrite seem to have undergone extensive
chemical erosion as evidenced by their anhedral nature and "weathered"
appearance (many, small, irregular fractures). This form of pyrite
has been interpreted as primary igneous pyrite and occurs in some of the CY-2
samples as well as in CY-2A 136.70 m and the post-mineralization
dikes and altered dikes between CY-2A 282.45 m and 368.02 m (plate 11).
An alternative explanation to that ~f primary pyrite for the
anhedral, weathered pyrite in the CY-2 samples is that it may have
formed by the reduction of seéwater sulphate by reaction with
ferrous silicates as the seawater began its downward movement. This
reaction would have produced disseminated pyrite and magnetite in

the rocks at shallow depths near the seafloor (Hutchinson et. al.,






PLATE 11. CY-2A 285.05 m. Primary, anhedral pyrite on left has a weath-
ered appearance due to many small fractures. Secondary, subhedral

pyrite on right has a "fresh" appearance. Magnification: 160X.

PLATE 12. CY-2A 285.05 m. Secondary pyrite displays a cataclastic texture
caused by high directed pressure in a fault zone.

Magnification: 160X.
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1980). The associated occurrence of disseminated magnetite in the
CY-2 samples, together with the stratigraphic position of these
samples at or near the paleoseafloor (the contact between the L.P.L.

and U.P.L.), would support this hypothesis.

The effects of high directed pressure on coarse-grained pyrite
from a fault zone (CY-2A 285.05 m) is reflected in the cataclastic

texture of this pyrite(plate 12).

Two unusual textures were observed in the pyrite. The first is
framboidal pyrite which was found in significant amounts in the veins
of sample 153.25 m (about 10% of the pyrite present occurs as fram-
boids) and, less abundantly, in sample 159.7 m (plate 13). The range
of diameters of the framboids is small and all are less than 0.1 mm
in diameter. They occur in various stages of disintegration from
almost pristine with a well-defined boundary, to a virtually empty
ring of pyrite,or as fragments of spheres. The framboids appear to have
formed earlier than the coarser-grained, anhedral to subhedral
pyrite, sphalerite and chalcopyrite crystals that they occur with.
At a magnification of 630x, no ordering of the pyrite microcrysts
within the framboids is apparent (plate 14). Both organic bacterial
origins (Love, 1957), and inorganic processes of formation (Kalliokoski,
1974) have been postulated for these textures. In these samples,
the framboids were probably formed by inorganic processes siﬁce the
physico-chemical conditions in the hydrothermal system at a depth of
about 150 m were most likely to be unsuitable for bacterial growth.

The occurrence of the framboids in colloidal silica (plate 15) indicate






PLATE 13. CY-2A 153.25 m. Pyrite framboids in various stages of disinte-
gration. Later anhedral pyrite is seen growing around and
engulfing a framboid in the lower right-hand corner.

Magnification: 160X.

PLATE 14. CY-2A 153.25 m. Pyrite microcrysts within framboids display

a lack of order. Magnification: 630X.
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that the pyrite probably precipitated out of a supersaturated

silica solution and subsequently infilled pre-existing spherical
vacuoles formed by entrapped gases. According to Rickard (1970),
the spheroidieity can only be formed by pseudomorphism of a pre-

existing spherical body at low temperatures (£200°C).

The second unusual texture is defined by the presence of
circular trails or spherical clusters (up to 0.2 mm in diameter)
of inclusions in the cores of subhedral pyrite grains in samples
CY-2A 159.37 m, 243.05 m and especially in 193.00 m (plate 16).
The fine-grained host pyrite crystals have polygonal boundaries
due to crowded conditions of growth. Electron microprobing of these
inclusions revealed them to be cryptocrystalline rounded drops of
sphalerite of varying regularity (table 12, analysis 7 and plate 17).
Two origins are possible for this texture. One is that the drops
are dispersions (emulsions) formed by exsolution of sphalerite from
pyrite as the temperature fell to a ceftain level below which solid
solution between the two minerals was no longer possible. An
alternative interpretation is that the inclusions are residuals from
replacement processes. Since exsolutions in pyrite are rare
(Ramdohr, 1979), this texture is probably the result of replacement

of secondary sphalerite by a later secondary pyrite phase.

(ii) Hematite: Hematite is generally found in veins and occurs
in three forms. The most common form is anhedral patches of
hematite, usually associated with quartz. Where hematite is present

in approximately equal proportions with quartz, the association of the two

minerals is commonly referred to as jasper (plate 9).






PLATE 16. CY-2A 193.00 m. Subspherical clusters of sphalerite inclusions

in cores of pyrite grains. Polygonal boundaries of pyrite grains
due to crowded conditions of growth are barely discernible.

Magnification: 63X.

PLATE 17. CY-2A 193.00 m. Sphalerite inclusions are rounded droplets

of varying regularity. Magnification: 200X.
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Less commonly, hematite occurs in a series of concentric layers
with curvature convex toward the younger surface (i.e. away from the

vein wall). These layers define a colloform texture (plate 18).

Sometimes hematite is found as clusters of rounded, hollow, very
fine-grained shells defining a botryoidal or pellet texture (plate
19). Some pellets were observed enclosing pyrite grains which are
usually found with hematite in veins. The botryoidal and collaform

textures are closely related and often occur together.

(iii) Sphalerite: Most sphalerite observed was honey-yellow in
colour. Lesser amounts of rust-brown sphalerite are present with the
darker colour indicating a higher iron content. The iron-~rich variety
of sphalerite (mole % FeS is greater than about 107%) thought to occur
in the CY-2A core by members of the ICRDG was not found. Sphalerite is
commonly present as subhedral to euhedral, very-fine to medium-sized
grains. Euhedral, zoned sphalerite with a honey-yellow core poorer in
iron, and a rust-brown rim richer in iron was found in two samples (table

12, analyses 3,4 and plate 20).

In sample CY-2A 152.9, the sphalerite present in the altered
margin of a vein is consistently richer in iron than the sphalerite
occurring within the vein (plate 21). This feature may reflect a
change in the chemistry of the solutions from which the sphalerite
grains precipitated, or may represent a later leaching of FeS from
the sphalerite grains occurring within the vein. The iron-leaching
solutions would not have come in contact with the sphalerite grains

occurring within the altered margin.






PLATE 18. CY-2 92.30 m. Colloform banding in hematite. Magnification: 160X.

PLATE 19. CY-2 92.30 m. Betryoidal hematite. Occasional pyrite grains

enclosed by hematite. Magnification: 200X.






PLATE 20. CY-2A 153.25 m. Zoned sphalerite with a honey-yellow,
relatively iron-poor core and a rust-brown,relatively iron-

rich rim. Magnification: 63X.

PLATE 21. CY-2A 153.25 m. Honey-yellow, relatively iron-poor sphalerite
in vein. Rust-brown, relatively iron-rich sphalerite in altered

margin of vein. Magnification: 2.5 X 1.6 X 8.
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(iv) Magnetite: Magnetite occurs in few samples as subhedral
to skeletal (plate 22), very-fine to fine-grained crystals. Its partly to
highly altered nature indicates increasing disequilibrium with the
conditions which produced the alteration in the basalts, and points
to a primary origin for the magnetite. However, as previously
discussed, some of the magnetite in the CY-2 samples, together with
pyrite, may have been formed by downward penetrating seawater carry-

ing sulphate as it reacted with ferrous silicates in the basalt.

(v) Chalcopyrite: Minor to trace proportions of chalcopyrite

were observed in a few samples. Chalcopyrite is present as very-fine
to fine, anhedral grains, often intergrown with pyrite. It occurs

disseminated in the matrix as well as within veins.

(vi) Ilmenite: The identification of ilmenite was based on
petrographic studies alone. The cryptocrystalline to very fine-
grained nature of the mineral in these samples makes simple petro-
graphic identifications of ilmenite unreliable. The identification
of ilmenite was based on its low reflectivity, anisotropy, lath-like
habit, and common association with magnetite. The cryptocrystalline
to very fine-grained microlites generally occur disseminated in the
matrix, although in sample CY-2 92.30 m the ilmenite laths were obser-
ved fringing a vesicle and apparently collected within a hematite-

pyrite colloidal liquid.
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CHAPTER 4

X-RAY DIFFRACTION ANALYSES

Whole rock X-ray diffraction analyses were carried out on five
samples from Hole CY-2 and 17 samples from Hole CY-2A. The results

of these analyses appear in tables 4 and 5.

The mineral identifications made by X-ray diffraction generally

confirmed the petrographic identifications.

In some cases minerals which had not been previously distinguished
under the microscope, for example the colourless chlorite in CY-2A
207.00 m, 270.15 m, and 277.40 m, or had been misidentified petro-
graphically, for example the thick, amorphous, brown chlorite which
had been mistaken for smectite in CY—ZA.404.40 m, were properly
identified by X-ray diffraction patterns. These identifications
were then correlated petrographically with samples which had not

been analyzed by X-ray diffraction methods.

The smectite mineral in CY-2 92.30 m and CY-2A 161.19 m was
identified as nontronite. The chlorite in CY-2A 92.30 m and CY-2A
159.37 m, 161.19 m, 270.15 m, 302.35 m and 404.40 m was identified
as ripidolite. The plagioclase in samples CY-2 92.30 m and CY-2A
141.45 m was identified as labradorite whereas the plagioclase in
CY-2A 332.45 m and 404.40 m was identified as albite. The labrador-

ite is primary while the albite is secondary.



TABLE 4: Whole Rock X-ray Diffraction Analyses of Samples from CY-2

P

\¢)= 70% of sample (:>=30—7OZ of sample (C=10-30% of sampleO = 5-10% of sample

Sample Smectite Chiorite Hlite Calcite Quartz Plagiociase Sphene Pyrite Others
24.00 O o) 0 O

48.05 O o) O regeldhs
79.63 O O o O

84.15 @) O O ”%“e%‘
92.30 | Oto (] ©?2 o) O3

TABLE 5: Whole Rock X-ray Diffraction Analyses of Samples from CY-2A

&:> = 707% of sample <:>=30—70% of sample (O =10-30% of sample O5-10% of sample

Sample Smectite | Chlorite liite Calcite Quartz |Plagioclase | Sphene Pyrite Others
136.70
141.45 O O3 celado-
156.91 | (O O O O
159.37 P ®) O o
161.19 | O 1 OZ 0 O O 0O O
183.50 (:) (:)
193.00 O (j
207.00 e O O .
243.05 O O O O
270.15 O)? O O o
277.40 <:> <:> <:> (:>
282.45| O O o o
302.35 O? O O . 0
332.45| O O 0 O O
386.40 O O O O
404 .40 O 0 d
406 .85 O o) O

1. smectite identified as nontronite.

2. chlorite identified as ripidolite.

3. plagioclase identified as labradorite.

4. plagioclase identified as albite.
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The abundancés of the individual minerals within a sample estimated
from the X-ray diffraction patterns generally conform with the abun-
dances estimated petrographically. However whole-rock X-ray diffrac-
tion analyses of samples in which more clays were believed tovexist
revealed the presence of much less, if any, clay. The best example
of this discrepancy is sample CY-2A 141.45 m. It is obvious from the
hand sample, thin-section and more conclusively, from the microprobe
analysis of this sample, that smectite is present. The X-ray pattern
however, revealed no smectite peaks. Clay separation by settling was
attempted for some of these samples, followed by another X-ray
diffraction analysis. In some of these patterns the clay peaks
which had already been observed were enhanced during the second
analysis. In most cases, the pattern did not change and in no case
did new peaks appear after the clays had been separated. This points
to the conclusion that either a) settling times were too short and
not enough clay material had been obtained, or b) that separation
by simple settling in a water column is not adequate and other

techniques must be employed.

It appears that reliabl; identification of clay and mica
minerals, together with an accurate determination of their relative
abundances by X-ray diffraction methods, requires a combination of
several analyses run before and after treatment of the samples with
heat and organic liquids. Time limitations prevented the undertaking

of such conclusive procedures in this study.
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CHAPTER 5

MICROPROBE STUDIES

Electron microprobe analyses were carried out on one sample from
Hole CY-2 and eight samples from Hole CY-2A. The clay, chlorite, mica,
carbonate and sulphide minerals were analyzed in order to identify
some of these very fine-grained minerals directly. The results
appear in tables 5 to 13 and represent averages of at least three

analyses for each mineral.

The very fine-grained, and often intermixed, nature of the clays,
micas and chlorites, together with their hydrous composition, produced
highly variable results for what appeared under the microscope to be

different grains of the same mineral.

The fact that clay and chlorite standards are not available at
Dalhousie, and therefore other minerals were used as standards, also
contributed,to the vafiability of the results. The low totals (i.e.
much less than 1007%) for the chlorites, clays, micas and calcite are
due to the presence of volatiles in these minerals which are burned
off by the electron beam. Chlorites have between 117 and 13% water
in their structure, smectites between 15% and 237 water, illites

between 6% and 127 water, and celadonite between 9% and 147 water (no;e

that these are weight percentages). Calcite contains approximately
45wt.Z co, (Deer et.al.,1962). A few analyses included in the tables

have an even lower total than can be accounted for by the presence



Table 5: Chemical Analyses of Smectite Minerals

1 2 3 4 5
SiO2 40.71 34.49 45.36 46.07 37.38
TiO2 1.69 1.38 0.82 - 1.04
A1203 4.80 0.35 16.55 17.20 23.31

FeO 26.28 31.40 14 10 7.84 1.82
MnO 0.33 0.28 0.25 0.43 0.06
Mg0 1.88 0.12 5.04 7.27 1.30

CaO 1.23 0.26 4.97 1.57 0.20

NaZO 1.30 - 2.78 2.41 0.36
KZO 2.40 - 0.31 2.44 4.70

PZOS 0.35 - - 0.20 -
V205 - - 0.20 - -

TOTAL 80.97 68.28 90.38 85.43 70.41

1. Green nontronite in CY-2A 141.45 m.

2. Brown nontronite mixed with Fe-oxide in CY-2A 141.45 m.
3. Dark brown nontronite im CY-2A 153.25 m.

4. Montmorillonite in CY-2A 161.19 m.

5. A smectite-group mineral in CY-2A 173.66 m.



Table 6: Chemical Analyses of Chlorite Minerals .

1 2 3 4 5 6 7 9 10
SiO2 24,74 28.22 32.60 28.99 28.50 27.13 .27.59 36.21 27.13 26.78
TiO2 - - 1.91 1.92 - - - 0.11 - -
A1203 13.57 16.28 20.44 19.34 19.35 20.58 19.32 27.57 21.95 20.22
FeO 19.86 27.03 13.30 16.86 25.64 22.09 26.08 6.15 16.59 25.40
MnO 2.44 5.64 0.56 0.72 0.70 0.8 0.97 0.17 1.52 1.29
MgO 9.88 10.64 13.11 16.24 14.49 16.50 15.65 7.13 19.67 14.36
Ca0 0.81 0.30 0.19 0.08 0.08 0.16 - 0.08 - 0.05
Na20 - - 0.11 0.17 - - - 0.40 - -
K20 - - 1.24 0.29 - - 0.06 4.34 - -
V205 - 0.21 - - 0.41 - - 0.26 0.26 0.08
TOTAL 71.30 88.32 83.46 84.61 89.17 87.32 89.67 82.42 87.12 88.18
1. Ripidolite in matrix of CY-2 92.85 m.
2. Ripidolite in vesicles of CY-2 92.85 m.
3. Impure brown ripidolite in matrix of CY-2A 159.37 m.
4. Orange-brown clinochlore adjacent to vesicles of CY-2A 159.37 m.
5. Green ripidolité in vesicles of CY-2A 159.37 m.
6. Ripidolite in matrix of CY-2A 173.66 m.
7. Ripidolite in vesicles of CY-2A 173.66 m.
8. Mixed chlorite/illite in matrix of CY-2A 285.05 m.
9. Ripidolite in vesicles of CY-2A 285.05 m.
10. Ripidolite in matrix of- CY-2A 302.35 m.



Table 7: Chemical Analyses of Celadonite and Illite Minerals

1 2 3 4
510y 59,17 67.27 41.69 48.45
Ti0,  0.14 1.28 - -

A1203 3.02 15.60 29.38 33.05

FeO  19.83 1.27 9.95 1.91
MnO 0.18 - 0.41 -

MgO 4.78 - 6.69 1.21
Ca0 0.24 5.0l 0.27 0.20
Na,0 - 3.62 0.73 0.75
K,0 6.62 0.28 3.75 6.15
V,0,  0.14 - - -

TOTAL 87.12 94.33 92.87 91.72
1. Celadonite in CY-2A 141.45 m.
2. Orange-brown illite adjacent to veins and vesicles of CY-2A 153.25 m.
3. Fe-enriched illite in CY-2A 173.66 m.
4. Al-enriched illite in CY-2A 173.66 m.

Table 8: Chemical Analyses of Calcite

1 2
FeO 0.36 -
MnO 5.80 1.37
MgO 0.27 -

Ca0 48.48 53.33

TOTAL 54.91 54.70

1. Calcite in CY-2A 153.25 m.
2. Calcite in CY-2A 302.35 m.



Table 9: Chemical Analyses of Plagioclase

1 2
8102 54.23 54.82
AlZO3 29.71 28.37
FeO 0.72 1.04

Ca0 12.54 12.53
Na20 4.55 4.26

KZO - 0.12

TOTAL 101.75 101.14

1. Labradorite in CY-2 92.85 m.

2. Labradorite in CY-2A 141.45 m.

Table 10: Chemical Analyses of Sphene and Anatase

1 2
SiO2 29.90 12.04
TiO2 36.05 63.28
A1203 1.86 7.85
FeO 0.69 2.39
Mg0 - 2.51

Ca0 28.90 0.27
K,0 - 1.10

PZOS 0.27 -

TOTAL 97.67 89.44
1. Sphene in CY-2A 302.35 m.

2. Impure anatase in CY-2A 285.05 m.



Table 11: Chemical Analyses of Pyrite

1 2 3
S 53.22 53.31 53.76
Fe 46.13 46.44 45.70
Zn 00.17 - -

TOTAL 99.52 99.75 100.46
1. Pyrite in CY-2A 153.25 m.
2. Pyrite in CY-2A 193.00 m.
3. Pyrite in CY-2A 285.05 m.

Table 12: Chemical Analyses of Sphalerite

1 2 3 4 5 6 7
S 32.71 32.86 33.09 33.41 33.13 32.75 45.29
Fe 2.11 1.83 4.03 0.93 2.00 1.86 28.53
Zn 65.25 65.42 63.21 68.58 64.91 65.27 26.02

TOTAL 100.07 100.11 100.33 102.92 100.04 99.88 99.84

Sphalerite in matrix of CY-2A 153.25 m.

Sphalerite in veins of CY-2A 153.25 m,

Iron-rich rim of zoned sphalerite in vesicles of CY-2A 153.25 m.
Iron-poor core of zoned sphalerite in vesicles of CY-2A 153.25 m.
Sphalerite in CY-2A 159.37 m.

Sphalerite in CY-2A 161.19 m.

N o BN
L T

Sphalerite inclusions in pyrite of CY-2A 193.00 m.

Table 13: Chemical Analysis of Chalcopyrite in CY-2A 153.25 m

S 35.15
Fe 29.68
Cu 33.35
Zn 0.42

TOTAL 98.60
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of volatiles (for example, table 1, analyses 2 and 5). The lack of

proper standards may be the cause of this.

Despite these drawbacks, the reliable identification of several
minerals could be ﬁade. Nontronite is the brown and green smectite
mineral in CY-2A 141.45 m and 153.25 m. Montmorillonite occurs in
CY-2A 161.19 m, while the clay in CY-2A 173.66 m could only be
identified as a smectite mineral. From table 5 it is apparent that
the clay compositions have a wide range. Al 03, FeO, Mg0O, and CaO

2

vary to the greatest degree between the different smectites.

Ripidolite appears to be the dominant chlorite mineral with only
one other variety, orange-brown clinochlore, present in CY-2A
159.37 m (table 6). Analysis 8 can only be explained in terms of a
mixed—layer chlorite/illite present in the matrix of CY-2A 285.05 m.
Although the MnO values of all the chlorites are generally higher
than MnO values reported for chlorites from hydrothermally altered
basalt samples by D.S.D.P. scientists, there is a significant proportion
of MnO in the matrix and especially in the vesicle chlorites in CY-2 92.85 m.
In these minerals, Mn has replaced Mg in the chlorite structure (Deer et. al.,
1962). The MnO content of the chlorite increases with depth in the CY-2A
samples, and in all samples the MnO content of the vesicle chlorites is
greater than the MnO content of the matrix chlorites (figure 6). Experi-
mental studies of Hajash (1975, 1977) show that, at 500°C and a water/rock
ratio of 50, 100% of the Mn goes into solution. Direct obsefvation
on discharge systems has shown Mn concentrations up to 1400 ppm

(Spooner, 1977). From these studies one would not expect to find
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chlorites‘enriched in MnO within the samples from the Agrokipia
paleohydrothermal system. The anomalous MnO concentrations may be

a result of later downward seepage of seawater, which is now

enriched in MnO in the area of the hydrothermal vent. The fact that
the highest values of MnO are found in the chlorites of CY-2 92.85 m,
the samplé closest to the paleoseafloor and therefore in contact with
the greatest volumes of downward seeping seawater, supports this
hypothesis. However the increasing concentration of MnO in the
chlorites of the CY-2A samples with depth contradicts this idea.
Perhaps the fact that less and less MnO is incorporated in the
chlorite structure as the hydrothermal fluid rises accounts for the
observed high concentration of MnO in the fluid that is vented on

the seafloor. In any case, the behaviour of Mn in a hydrothermal
system is apparently not a simple matter of total leaching of Mn from

the basalts and subsequent venting of all the Mn on the seafloor.

The analyses of calcite also yielded unusually high MnO
values (table 8), however in the case of calcite, the proportion
of MnO in sample CY-2A 153.25 m is significantly higher than the per-

centage of MnO in CY-2A 302.35 m (figure 7).

Celadonite was analyzed in CY-2A 141.45 m, and three reliable
illite analyses were obtained from CY-2A 153.25 m and CY-2A 173.66 m
(table 7). Again, the most noteworthy characteristic of these
analyses is the great variation in composition, especially in the

concentrations of SiOz, A1203, FeO, MgO and KZO between the minerals.
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The plagioclase in CY-2 92.85 m and CY-2A 141.45 m was identified

as labradorite (table 9).

The Ti-minerals sphene and anatase were analyzed in CY-2A

302.35 m and 285.05 m, respectively (table 10).

The analyses of pyrite in CY-2A 153.25 m, 193.00 m, and 285.05 m
show it to remain remarkably constant in composition between these

levels in the core (table 11).

Numerous sphalerite analyses were carried out (table 12) in
order to apply the sphalerite geobarometer, however this technique
could not be used due to the lack of pyrrhotite in these samples.
Analyses 1 and 2 show that there is no significant difference in the
chemical composition between the sphalerite occurring in the matrix
and the sphalerite occurring in the veins of CY-2A 153.25 m, with
the exception of a slightly higher Fe content in the matrix
sphalerite. Analyses 3 and 4 represent the iron-rich rim and iron-
poor core of a zoned sphalerite (plate 20), respectively. Attempts
were made to obtain a pure analysis of the sphalerite droplets within
the pyrite in CY-2A 193.00 m (analysis 7). Although contamination
by pyrite coild not be avoided, it is obvious that tﬁe iﬁclusions

are in fact sphalerite.

A chalcopyrite analysis was obtained from CY-2A 153.25 m, and

confirms its presence in the CY-2A core (table 13).
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CHAPTER 6

DISCUSSION

6.1 Downhole Distribution of Primary and
Secondary Minerals

(a) CY-2 Core: The downhole distribution of primary plagioclase,
pyrite, magnetite and ilmenite, as well as secondary minerals and
lithology in the samples studied from Hole CY-2 is shown in

figure 8.

Secondary smectite minerals are a major component of the rock
at the top of the interval, are absent in the sample which has under-
gone argillic alteration, and reappear at a depth of about 60 m as a
major component. Near the base of the interval smectite is seen to be
a subordinate component of the lower, partly altered samples and the
relatively fresh basalts (85 m to 93 m). In the argillized interval

smectite has been replaced by illite.

Celadonite is not present in the samples examined from Hole

CY-2.

Chlorite is a major component of the rocks throughout the interval
represented by the samples from CY-2, with the exception of the argil-
lized zone around 45 m and the relatively fresh basalts at the base of

the interval (90 m to 93 m) in which chlorite is a subordinate component.



& e o <
£ 5 &2 e 2 = e 2 5
b S T 2 N bS 4 g = v o [ aQ
0 2 = = - o c 5 et © = ® ° 8
Y o ° 2 o — =) o ° £ c S - S 38
E 8§ 5§ £ & & & & @& < & E 5 £ 3
(0] N © o = o (<] a 7] w T = = a & S
| ] . :
| ' ! | :
1] ' .
E o R
A ) ' ; . :
H {
! : ¢ .
. ] .
i H ' :
s P ;
; i ] i : . :
100 | : :
£
> -
‘)—
A o
33
vc
5 £ w
BE
200 °
o]
/2
Y XX
WAVAYS
| ! :
e LEGEND !
l 1
1
I '
Massive extrusives | :
1)
" -.[Pillowed extrusives
Massive extrusives with extensive glass zones f..:;
‘L7, -
‘ ‘s // : . : "g [=rs
+,7 7 ,“IMinor intrusives cg &g
4 7/ V b S
/. / S 8.8_
Eg E
i oc ©09
Fault breccia SE S0
x5 68
5 Eo
; n =
+ Somple location =

FIGURE 8. Downhole distribution of primary plagioclase, pyrite, magnetite,

and ilmenite, as well as secondary minerals and lithology of the CY-2 drill

core.



36

Illite occurs as a minor component in the argillized interval

around 45 m only.

Secondary calcite appears at about 75 m as a trace component,

and increases in proportion to a minor component until 83 m.

Secondary quartz is ubiquitous in the samples but reaches its
greatest concentration in the argillized zone around 45 m and its
lowest concentration as a trace component in the relatively fresh
basalts at about 90 m. In the remainder of the interval it is found

as a subordinate component.

Primary plagioclase occurs in subordinate proportions between
approximately 20 m and 40 m. It is absent in the argillized interval
around 45 m, and reappears as a major component in the partly altered
basalts between approximately 60 m and 85 m. In the remainder of
the interval characterized by the occurrence of relatively fresh

basalts it forms a subordinate component of the rocks.
Sphene and epidote are absent in the CY-2 samples.

Hematite appearé as a trace component at about 40 m and continues

to be present in this proportion to the base of the interval.

Magnetite, which may be primary or secondary as discussed in

Section 3.3(iv), is present as a minor component between approxima-

tely 20 m and 80 m. For the rest of the interval it occurs as a

trace component.
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Primary ilmenite was observed at the top of the interval
between 20 m and 40 m comprising a minor proportion of the sample, and

again at the base of the interval between about 90 m and 93 m,

where it occurs as-a trace component.

Pyrite is ubiquitous in the interval represented by the samples.
It is a trace component of the matrix throughout the section with
the exception of the argillized zone around 45 m where it comprises
a minor proportion of the sample. This increase in concentration is
due to the introduction of significant amounts of secondary pyrite

in hydrothermal veins.

Sphalerite appears twice in the interval examined and always as
a trace component. It was observed between about 20 m and 30 m and

again between 90 m and 93 m.

Chalcopyrite is not present in the samples examined from Hole

- CY-2.

(b) CY-2A Core: The downhole distribution of primary plagio-
clase, pyrite, magnetite and ilmenite, as well -as secondary minerals
and lithology in the samples studied from Hole CY-2A is shown in

figure 9.

Smectite minerals comprise a dominant proportion of the samples
between approximately 135 m and 154 m. They continue to be present
in subordinate proportion to -about 174 m, and gradually decrease in
concentration until they are completely absent at 180 m. An anomalous

presence of smectite within the argillized zone was observed at 207 m



L3
yafdodieyy -- m
P
. JUBLOALOD @3D4) w,.
—— - = jusuodwod Jouily o
9j1iajpydg TSt e e - — e — — R : o]
Juauodwod 3ipupiogng o g
— jusuodwod ofow ]
)
3i10kg T T T T T T TS T s s s mee e mmmes 3.
[SI ]
m L]
UMW} M Mom
o
- B
a.
Hijaudow - - - T o Wm.
@
c o o
S E &
A jDWsK - - - - - - == - 3 nw
o (=T}
° [7)
® U
UbQ.OMﬂw e st b a et es e EE s b e sess e et aas it s o em - —— W o M\au ow
= 2 g %8
@ & .84 S
auaudg —m T mm e mmms s s — e . s H
_ 5 v
= e Wl
= o~ oo
— - - - > oo N
3801001004 o "
w o
£ s m B
———— - - - —_ 4 =z = & o .17_~
2,100 - E 4 2 2 o 0 5
o — -~ 3 s
% < % 3 S s | H4E®C
® by ] < 5 o
. . - .- B _ ] hd o = eH
343109 - e 3 g T 5 g|ETZ
e 5 ¢ 5 = o | 8¢
o = o < W = A o rm.
ey T [ TT T T oo N = o = = w W "
,///// :n.w . on
. o o H
NN . O
84150149 T T - SO0 + U3
S NN M o ©
RN B g <
b [CRWE
- Lol
ajluopri3n - < ml
JOAIR U
341 03wg §14j Ul POUNLDX? SB|AWDS O ——— ——= . - ——— IDAJR}UI SIY} ul paulwDX® s8|duDs ON
¥ . 3 w
b < O AR Vo) TIANNVUVY v, NS NN A AG TN
° b4 * . > SN SN s SRTENRCNNAN AR NSNAAR NI,
(5SS N"“O“u"-.".‘“"“ﬂ.,’.‘. OQQOVMW t\\.".c_wv \ N ”/ 2\ A./ z,/:/:,fzuﬂr,, ,/.,}/r,.N., N,,/,/,,wuv »Myrzm!,
COSPErC SJ5RS, / o \ 4 R \ v N D LIRATS
000'0.0100)000‘30 %% %e®, t“‘.r.o A RARERNAN LRAEY WY BRI DA ~ 4
2523 s .."O.“’“’”‘"‘l‘\"@“ﬂ“‘\b\‘hﬂ’. ANV VNN y,.,:..:ﬂ// AWy A b AN ALY
1 u ‘ _ A
2] T\ | -
] <L =4 < T
| L9 IGY ] © ) &)
o Q o Q C o
o) O o] ) (@] —~
e = N vy < B Q




where it occurs as a minor component. Throughout the remainder of
the section it is found only locally as a minor component within an
altered dike sample, and as a subordinate to major component within

the post-mineralization dikes.

Celadonite was observed in only one sample, CY-2A 141.45 m,

where it occurs as a subordinate component.

Chlorite is found throughout most of the section but is
concentrated at the top of the interval between approximately 140 m
and 175 m in the less altered samples, and again at the lower end of
the intervél between 280 and 407 m in the samples which have under-
gone alteration in greenschiét facies conditions. Chlorite is

absent or present in trace to minor, and locally subordinate,

38

proportion between 175 m and 280 m in the interval of intense argillic

alteration.

Illite is found throughout most of the interval. It first
appears in minor proportion at 158 m and increases in concentration
to 184 m where it occurs as a major component. Illite is absent in
the massive ore unit around 193.00 m, and also in the jasper-pyrite
veins which occur locally in the interval of argillic alterationmn.

It is, however, present in subordinate to major proportions through-
out the remainder of the argillized zone. Illite is absent or
present in minor amounts in the samples between 285 m and 370 m.

Illite was not observed below 370 m.
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Secondary calcite occurs as a trace component between 135 ﬁ and

152 m. At the top of the mineralization at 153 m it increases in
abundance to become a minor component and attains its highest concen-
tration at 157 m, where it forms a major proportion of a large vein.
Between 158 m and 210 m calcite is present only in trace amounts.
Calcite is absent between 210 m and 260 m in the argillized interval,
but appears again as a trace component between 260 m and 370 m.
Locally in this interval calcite is present in minor proportions
within the post-mineralization dikes. Calcite is absent between 370 m

and the base of the interval at 407 m.

Quartz is ubiquitous below about 137 m in the interval represented
by the samples. It occurs as a minor to subordinate component in the
less altered basalts between approximately 140 m and 156 m. Below
this level in the argillized interval, quartz generally comprises a
major proportion of the matrix. Its concentration decreases in the
greenschist alteration zone to a subordinate component, however
quartz occurs locally as a trace to minor component within the post-

mineralization dikes and the altered dike unit at 332.85 m.

Primary plagioclase, identified as labradorite in sample 141.45 m,
is present as a minor to subordinate component between 140 m and 165 m.
In the argillized interval between 165 m and 302 m plagioclase is |
absent or present locally in trace amounts. In the remainder of the
core plagioclase, present as two varieties, comprises trace to sub-
ordinate proportions of the sample. The plagioclase in this interval

consists of lesser, highly altered, primary plagioclase microlites

together with dominant, subhedral to euhedral, secondary albite.
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Sphene occurs irregularly throughout the section. It first appears
as a minor component at 156.91 m, but increases to subordinéte and
major proportions where it occurs locally within the remainder of
the interval. Sphehe is noticeably absent or present in minor amounts

within the post-mineralization dikes.

Epidote is absent in the upper part of the interval but is
present as a trace component between approximately 275 m and 375 m.
For the rest of the sequence to 407 m, epidote occurs as a minor

proportion of the sample.

Secondary hematite is a major component of the jasper-pyrite
veins which occur locally within the argillized zone between approxi-

mately 180 m and 300 m.

Magnetite of likely primary origin was found occurring in the
relatively fresh basalt at the top of the interval, and again in the
post-mineralization dikes. In all cases magnetite comprises a trace

to minor proportion of the matrix.

Primary ilmenite was observed only in the sample at 141.45 m,

where it occurred as a trace component.

Pyrite is ubiquitous in the interval represented by the samples.
It is concentrated in the highly mineralized zone between 153 m and
300 m where it occurs as a subordinate to major component. It is

present in trace to minor proportions in the remainder of the interval.



41

Sphalerite is present in the greatest concentration at the
beginning of the mineralized sequence between 152 m and 155 m where
it comprises a major proportion of the sample. Between 155 m and
approximately 162 m it is found as a minor component. Sphalerite was
observed occurring in trace amounts locally within the argillized zone
and at the base of thé unit between 386.40 m and 405 m. The last meter

of the section studied contained a minor proportion of sphalerite.

Chalcopyrite is limited in occurrence within the CY-2A samples
examined. It is present as a trace to minor component around 153 m,
and again between 160 m and 175 m. The only other samples in which
chalcopyrite was observed are 193.00 m and 404.40 m. At both levels

chalcopyrite was present only in trace amounts.

6.2 Paragenetic Sequence of the Secondary
Minerals

(a) Paragenesis of the Clays, Chlorites and Micas in CY-2
and CY-2A:

The paragenetic sequence of this group of secondary alteration minerals
in CY-2 and CY-2A is shown in figure 10 and appears to be as follows:

green ——> green ——> green ——> illite ——>» brown —> green

to and chlorite and and chlorite
brown brown in veins clear green in veins
smectite chlorite and chlorite, chlorite and

in matrix vesicles primarily in matrix  vesicles

in matrix
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The paragenetic sequence within the post-mineralization dikes is:
brown smectite—> green and olive——>green chlorite
in matrix chlorite in in vesicles
matrix and veins
The distribution of the different phases in samples from CY-2 is

similar to their distribution in samples from CY-2A that have under-

gone similar styles of alteration.

In CY-2, green to brown smectite occurs in interstices of the
matrix as a dominant component between 20 m and 40 m, and again from
approximately 50 m to 70 m. In the remainder of the core it is present

as a subordinate component.

In CY-2, green matrix chlorite formed after the smectite occurs
throughout the studied interval as a major component, with the exception
of the argillized zone between 40 m and 50 m where it is a pale green,
subordinate component, and the base of the interval between 90 m and

93 m where it also occurs in subordinate proportioms.

Tﬁe darker, more bluish-green chlorite formed in the veins and
vesicles of the CY-2 samples after the formatibn of the matrix chlorite,
is found throughout the section as a trace component, and at the base
as a minor component, with the exception of the argillized interval

between 40 m and 50 m where this phase of chlorite is absent.

Minor proportions of illite were ohserved only in the argillized

zone of CY-2.
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In CY-2A, early formed smectite occurs at the top of the interval
between 135 m and 175 m as a major to subordinate component. Below
this depth it continues to be present as a minor component for a few

metres, and then is entirely absent.

Green and brown chlorite, formed after the smectite, occurs as a

minor to major component in the same interval as the smectite.

The green chlorite in the vesicles was observed between 154 m and
175 m forming a trace proportion of the sample. This interval coincides

with the section in which the matrix chlorite is a major component.

Illite was first observed as a minor component adjacent to the
veins and vesicles around 153 m. It continues to be present in this
proportion until 174 m where it increases in abundance to a subordinate
component. Between 174 m and 300 m illite, and locally clear chlorite,
occur in subordinate to major proportions. Below 300 m, this altera-
tion phase decreases in concentration until it is no longer present

at about 360 m.

A later phase of brown smectite occurs deeper in the core within
the post-mineralization dikes where it comprises subordinate to major

proportions of the samples.

The late brown and green chlorite occurring in the matrix first
appears at about 280 m as a subordinate component. At 290 m it
increases in proportion to a major component, and continues to be

present at this concentration to the base of the interval at 407 m.
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The latest phase of chlorite is the green variety which occurs
in the veins and vesicles of the samples near the base of the interval
as a trace component. It first appears in the post-mineralization

dike at 282.45 m, and then again between 349 m and 407 m.

b) Paragenesis of the Ore Minerals in CY-2 and CY-2A:

The paragenetic sequence of the ore minerals in CY-2 and CY-2A is
shown in figure 11 and appears to be as follows:

magnetite ——> secondary ——> secondary ——> pyrite +—>sphalerite—>later

+ pyrite pyrite + sphalerite hematite secondary
+ ilmenite hematite pyrite
are in CY-2
probably or
primary secondary

pyrite +

chalcopyrite

in CY-2A

The downhole distribution of the ore minerals in CY-2 is as
follows. Primary magnetite, pyrite and ilmenite occur as minor
disseminations throughout the interval represented by the samples,
however at the base of the sequence between 83 m and 93 m tﬁey are

present in trace amounts.

Secondary pyrite and hematite first appeared in and adjacent to
the veins in the argillized zone as minor components. They occur
again between approximately 76 m and 97 m in trace to minor propor-

tions of the samples, but concentrated in the veins.

Traces of honey-yellow sphalerite were observed disseminated in
the matrix in the interval between 20 m and 40 m and again at the
base of the sequence between 90 m and 93 m. This phase of sphalerite
was never observed in contact with the secondary pyrite and hematite

and so its exact position in the paragenetic sequence is uncertain.
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The paragenesis of the ore minerals and their downhole distribu-
tion in CY-2A is more complex, reflecting the intense hydrothermal

mineralization of these samples.

What appear to be primary magnetite, ilmenite and pyrite were
found at the top of the interval between 135 m and 145 m within the
relatively fresh basalts, and again near the base of the sequence
between 282 m and 335 m, and between 354 m and 374 m within the
altered and post-mineralization dikes. The primary ore minerals

occur in trace to minor proportions.

In contrast to CY-2, the first phase of secondary pyrite occurs
with chalcopyrite rather than with hematite. These minerals first
appear at the top of the mineralized sequence at 153 m as major
components of the samples. They occur intergrown and therefore
appear to have formed at the same time (plate 23). Between 160 m
and 189 m they are present in minor to subordinate proportion, and
do not occur again in the remainder of the section. Pyrite and
chalcopyrite are concentrated in the veins and vesicles of the
samples but are also present as finer-grained disseminations in the

matrix.

The first phase of sphalerite crystallized after the formation
of pyrite and chalcopyrite as evidenced by the growth of sphalerite
around pyrite grains and its projection int& pyrite (plate 24). It
first appears at the top of the mineralized zone at 153 m as a major
component. Between 160 m and 166 m the sphalerite grains are present

in subordinate amounts. Sphalerite is concentrated in the veins and






PLATE 23. CY-2A 153.25 m. Intergrown yellow pyrite and orange chalcopyrite.
Note projections of chalcopyrite into pyrite and inclusion of

chalcopyrite in pyrite in lower right. Magnification: 250X.

PLATE 24. CY-2A 153.25 m. Grey, subhedral sphalerite is growing around

and projecting into yellow pyrite. Magnification: 250X.
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vesicles, but was also observed disseminated in the matrix. Crypto-
crystalline, droplet-like inclusions of sphalerite were observed in
the cores of pyrite grains locally in the interval between 190 m and
257 m. These inclusions are believed to be relics of the replace-

ment of sphalerite grains by a later pyrité phase.

A later phase of secondary pyrite is present between 180 m and
290 m in subordinate, and usually in major, proportions. Locally it
occurs with abundant hematite within the jasper-pyrite veins. In some
samples, for example the "massive ore" samples, the pyrite may form

up to 607 of the sample.

Sphalerite appears again in trace proportions as very fine
grains in vesicles and veins between 285 m and 303 m, and again
between 383 m and 405 m. At the very base of the interval its concen-

tration increases to minor amounts.

A third phase of secondary pyrite is known to exist because
veins of 1007 pyrite are seen to cross-cut jasper-pyrite veins. In
addition, pyr}te was observed forming around‘the later phase of
sphalerite and projecting into the sphalerite grains. This latest
phase of pyrite occurs between 285 m and 407 m as a trace to minor
component however it is absent, or present in only trace amounts,

within the post-mineralization dikes.
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6.3 Probable Relative Temperatures of
Alteration of a Number of Samples from
Different Levels in the Cores

The positions of the CY-2 and CY-2A cores with respect to the
paleohydrothermal system which produced the Agrokipia A and B massive
sulphide deposits are illustrated in figure 12. CY-2A intersected
highly altered and mineralized basalts and therefore probably the
mineralized stockwork zone of the Agrokipia B deposit. Most of the
samples recovered by CY-2 are relatively fresh to partly altered and
therefore probably‘come from the weaker mineralized zone of the Agrokipia
A deposit. Figure 12 is highly simplified and does not take structural

relationships between the cores and the regional geology into account.

The probable relative temperatures of alteration of samples from
four levels are considered. Sample A is a typical partly altered
basalt sample from CY-2. This sample would be affected by relatively
low temperatures at its positiqn near the paleoseafloor, producing a
smectite + green chlorite + quartz + hematite alteration mineral

assemblage.

The downward penetrating seawater became increasingly saline and
hotter with depth as it moved towards the present Agrokipia B stock-

work zone.

Sample B is a highly altered basalt sample in which alteration
occurred under conventional greenschist facies conditions. Of the
samples examined, this sample would have been exposed to the highest
temperatures, resulting in a chlorite + epidote + albite + pyrite +

sphalerite alteration mineral assemblage.
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Schematic diagrams illustrating the formation of the Agrokipia B

deposit at Time 1, followed by the deposition of Agrokipia A at a

later time, T2. The convective system which formed Agrokipia B may

or may not have still been active at Time 2. The position of the CY-2
and CY-2A cores relative to the deposits is shown in the second diagram.
The probable relative temperatures of alteration of sample A from CY-2,
and samples B, C, and D from CY-2A are depicted in the graph below.
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As the mineralizing solution rose in the channels its tempera-
ture gradually decreased due in part to mixing with increasing volumes

of downward seeping seawater.

Sample C, coming from the argillized zone, was affected by
temperatures lower than those affecting Sample B. The alteration
mineral assemblage in this sample is illite + quartz + sphene + pyrite

+ hematite.

Sample D is a partly altered basalt containing abundant smectite
and chlorite. Sample D would have been exposed to even lower tempera;
tures than Sample C, but probably slightly higher temperatures than
those affecting Sample A because of the position of D near the

paleohydrothermal system.
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CHAPTER 7

SUMMARY

The thirty-four drill core samples studied from Holes CY-2 and

CY-2A can be classified into four groups with regard to their altera-

tion and mineralization characteristics. A stable secondary mineral

assemblage is associated with each group. The four groups are:

1.

Relatively fresh to partly altered basalt (all CY-2

samples, with the exception of CY-2 48.05 m, as well as

CY-2A 136.70 m and 141.45 m)

Assemblage: abundant smectite + green chlorite + minor
quartz + hematite

Partly to highly altered and highly mineralized basalt

(CY-2A 152.90 m to 161.19 m)

Assemblage: green and brown chlorite + smectite + pyrite

+ sphalerite + chalcopyrite

. Pervasively altered and highly to pervasively mineralized

basalt (CY-2 48.05 m and CY-2A 173.66 m to 285.05 m, with
the exception of 282.45 m)

Assemblage: illite + quartz + sphene + pyrite + hematite
Highly to pervasively altered and partly mineralized
basalt (CY-2A 282.45 m, and 302.35 m to 406.85 m)
Assemblage: abundant green and brown chlorite + albite

+ epidote + pyrite + sphalerite



The temperatures and pressures of formétion increase from
assemblage 1 to assemblage 4. Except for sample CY-2 48.05, it
appears that Hole CY-2 did not penetrate hydrothermally altered
basalts while the 150 m to 300 m interval in Hole CY-2A represents

the most intense hydrothermal activity.

Suggestions for Future Work

1. A comparison of whole rock chemical analyses of the altered
basalt samples with analyses of fresh basalt samples would be use-
ful in the determination of the bulk chemical changes produced by

hydrothermal alteration.

2. Complete chemical analyses obtained by electron microprobe
transects from the matrix of a sample to the altered margin of a
vein and into the vein itself would also aid in the determination
of the exact nature of the chemical exchange between the hydrothermal

solutions and the basalt.

3. Reliable identification of all the secondary sheet silicate
minerals through separation procedures, followed by apﬁlication of
thermal and organic liquid treatments between X-ray diffraction

analyses, is required.

4., The role of the massive glass sections in the formation of

the ore deposits may be determined by means of a detailed examination
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of their structural and chemical relationship to adjacent lithologies.
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5. What is the significance of the Mn-rich chlorites and calcites?
Determination of the continuous variation of Mn with depth is required
to answer this question. Perhaps all the manganese is not vented at

the seafloor as was previously believed.

6. A detailed search of the literature dealing with observed
and experimental determinations of the conditions of formation of
the secondary minerals present in the CY-2 and CY-2A cores should be
carried out. Limits can then be placed on the physical and chemical
parameters that prevailed during the life of the hydrothermal

system, and their variation with depth.
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