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"Besides, what we are pleased to call the riches of a mine are
riches relative to a distinetion which nature does not recognise.
The spars and veinstones which are thrown out in the rubbish of
our mines may be as precious in the eyes of nature, as condhcivé
to the great object of her economy, and are certainly as
characteristic of mineral veins, as the ores of silver or gold

to which we attach so great a value."

PLAYFATR, 1802

"The debouching solutions are zvidently rich in iron, manganese,
arsenie, chromium, lead and cadmiwam ..... Cobalt, nickel, copper,
molybdenum, zine and lead may also be indigenous to the mineralising
emanations. The faet that these clements are less abundant in sediments
in areas of nigh heat flow may be due to variations in residence itime
for these elements in seawatzr. The concentrations of the elements in
the sediments do not necessarily reflect the absolute concentrations
of the various zlements in the mineralising emanations and their
subsequent miztures with seawater, but rather the relative rates with
which the various constituents are precipitated. Some constituents
may indeed have such short residence times that they precipitate just

avround or in the upper parts of the vents.”

BOSTROM AND PETERSON, 1969
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¢ * ABSTRACT

A wvariety of gethemical techniques which include bulk chemical (A.A.
and I.C.P. speétrometry, .;nd electron microprobe), stable isotopic and
mineralogical (X.R.D., S.E.M, and reflected light microscopy)
analysis, have been used to investigate hydrothermal and pelaéic
sediments on Eastern Pacific Spreading Centres. Special emphasis has
been placed on determining the locus of hydrothermal activity, £from
which elements are dispersed into seawater and selectively

fractionated from each other with increasing distance from the source.

Seven study areas on the Galapagos Rift and East Pacific Rise
collectively display  the full sequence  of known hydrothermal
precipitates, i.e. sulphides, nontronites, iron and manganese oxides.
The association of these hydrothermal deposits 1s best seen at 86°W
on the Galapagos Rift (the GRAFZI area), where inactive sulphide
mounds, enriched in iron and copper with a pyrite/chalcopyrite mineralogy,
are located along the faulted margins of the axial rift wvalley.
Polymetallic sulphides are flanked by primary hydrothermal iron oxide
hummocks, with subordinate manganese oxides. Dredged manganese oxide
crusts, with adhering nontronite, complete the sequence of hydrothermal

precipitates.

Isotopic studies of GRAFZI sulphides revealed a pyrite/chalcopyrite
formation temperature of circa 390°C, with sulphur predominantly supplied
by the reduction of seawater sulphate. Anomalous concentrations of
manganese and zinec in sediments surrounding the polymetallic sulphides have

been produced by dispersion from their hydrothermal source.

Serpentine-rich sediments from the Hess Deep have been investigated
and are probably derived by slumping from the steep scarp slopes

bounding this topodgraphic low.

Sediments from the East Pacifie Rise display an asymmetrical metal

distribution about the axis due to westward dispersion of hydrothermal

effluent from axial point sources, by mid-depth currents. In the
20%s region, three areas thave ©been found whieh contain highly
anomalous metal concentrations in sediments, including one, and
possibly other, polymetallic sulphide deposits. Off-axial

hydrothermal ﬁrocesses related to seamount genesis are considered to

be important in this area.
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GENERAL INTRODUCTION

It was not until the discovery of the Red Sea geothermal system in
1948 (Bruneau et al., 1953) that attention was focussed upon the
phenomenon of hydrothermal sediments. A volume entitled "Hot Brines
and Recent Heavy Metal Deposits in the Red Sea" (Degens and Ross, 1969)
represented the first detailed study into the nature and genesis of
high temperature, brine-derived, hydrothermal metalliferous sediments.
This work still remains central to our understanding of submarine

hydrothermal deposits.

It is beyond the scope of this thesis to describe the complexities of
the Red Sea hydrothermal deposits and the reader is referred to the
review of Cronan (1980). However, it is proposed to describe the model
taken from the Atlantis II Deep of the Red Sea whiéh forms a basis

for marine geochemical exploration for hydrothermal deposits. This
model explains the full fractionation sequence of hydrothermal
precipitates into sulphides, silicates and oxides that form upon the
progressive neutralising, cooling and oxidation of acidic hydrothermal

solutions mixing with bottom sea—water.

The sediments found in the Atlantis II Deep were divided by Bischoff

{1969) into "seven bedded and laterally correlative facies,' which are:-
1. Detrital

2. Iron Montmorillonite

3. Goethite—amorphous

4. Sulphide

5. Manganosiderite

6. Anhydrite

7

. Manganite

Refinement of this early work, by Backer and Richter (1973) and Bignell
(1975), led to several facies sub-divisions. It was found that sulphides,
silicates and oxides contained the greatest enrichments of metals.

Further work by Bigmnell et al. (1976) related the different oxide facies



to the different mobilities of metals in seawater. The authors found
dispersion haloes of Mn, i.e. Mn anomalies in sediments, up to 11 Kms
from the Atlantis II Deep which they accounted for by the selective
fractionation of Fe from Mn (Krauskopf, 1957) upon the increasing pH
and Eh of the hydrothermal solutions om mixing with seawater. Mn was
found to be dispersed further than Fe, and both of these elements

increased in concentration towards the hydrothermal source.

It is known that nontronite (an Fe-silicate of the smectite group)
synthesis occurs under reducing conditions at low temperatures

(Harder, 1976} and can occur on the sea floor after sulphide deposition
but before the oxidation of Fe2+ to Fe3+ and the formation of Fe
oxides. Bischoff (1969) suggested that in the Red Sea the smectite
(nontronite) facies forms at a lower level within the brine than the

Fe oxide facies. Thus, in the area within and around the Atlantis II
Deep, the fractional precipitation of sulphides, silicates, iron and
manganese oxides has occurred in response to changes in physicochemical

conditions.

The occurrences of hydrothermal mineral deposits from Eastern Pacifie
spreading centres reported in this thesis are discussed within the

framework of the Red Sea model.
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INTRODUCTION

The Galapagos Rift (Figure 1) became a source of interest
following geophysical exploration carried out in 1972 in

the vicinity of 86°W. Heat flow,‘topographic and magnetic
survey data (Sclater and Klitgord, 1973) suggested the
presence of actively circulating convection cells of heated
seawater, within the fractured, young oceanic crust. |
Subsequent deep~tow observations (Klitgord and Mudie, 1974;
Lonsdale, 1977) ., measurements of heat flow variations
(Williams et al,, 1974) and bottom water temperature
anomalies strongly substantiated this hypothesis. Williams
et al., (1974) concluded that the heat flow variations were
relatively uniform with a wavelength of 6 lkms, approximately
perpendicular to the spreading axis, and that hydrothermal
convection may account for as much as 807 of the heat
released near the ridge crest. This convective process

mav explain why observed heat flow values are anomalously
low when compared with predicted values (Langseth and Von

Herzen, 1971; Sleep, 1969; Sleep and Wolery, 1978).

Mul tibeam bathymetric charts gave the first evidence of the
existence of fields of small sediment mounds associated with
faulted, elevated areas of high heat flow between 18 and

25 kms south of the spreading axis (Williams et al., 1974).
These hydrothermal mounds have been intensively studied
chemically and mineralegically as a result of 2 legs of the
Deep Sea Drilling Project, Legs 54 and 70 and comprise
nontronite overlain by manganese oxides. This sequence
represents part of the typical fractionmation sequence of
hydrothermal solutions on egress from oceanic crust, best

exemplified by the Red Sea deposits (Croman, 1980), The



FIG.1 LOCATION OF THE GALAPAGOS RIFT.STUDY AREAS AB

C_SHOWN.

Siqueiros fracture zone

COCOS PLATE

GALAPAGOS RIFT

{E’ A

10°

Study C Study B

1200

NAZCA PLATE

1 1

CARNEGIE RIDGE

.....

105°.

100° 95° 90°
adapted from Varnavas and Cronan(1981).

85°



full fractionation sequence has been referred to previously
but basically consists of sulphides, Fe silicates, Fe oxides '
and Mn oxides precipitating out of seawater in sequence,

with increasing distance from the source.

Manned submersible operations on the Galapagos Rift at 86°w
(Corliss and Ballard, 1977; Corliss et al., 1979) sampled
hydrothermal solutions which were found to be exiting from
basement at a maximum temperature of 10 - 17°C with a flow
rate of 2 - 10 cms per second (Corliss et al., 1979) but

were calculated to have interacted with basalt at temperatures
of at least 300°C. On the E.P.R. at 21°N, solutions have been
found with temperatures of approximately 350°C on exiting

from the oceanic. crust (Spiess et al., 1980).

Anomalously high levels of Mn, Fe, Cu, Zn and He in the water
column (Gordeev and Demina, 1979; Klinkhammer et al., 1977;
Lupton et al., 1977) have been found to be injected by hydro-
thermal plumes over the Galapagos Rift, and up to a distance-
of 2500 metres above the bottom in the Hess Deep (Gordeev and
Demina, 1979). TFurthermore, the presence of hydrothermal Mn
crusts (Burnett and Piper, 1977; Moore and Vogt, 1976)
indicate that the Galapagos Spreading Centre has the potential

for other hydrothermal deposits to occur.

During early 1980, project GRAFZI (Galapagos Rift And Fracture
Zone Intersection) was initiated to examine the tectonic and
structural relations of the propagation of the Galapagos Rift
and a fracture zone, in the vicinity of 86°W. The aims of

this work were primarily geophysical. The use of the 'Seabeam'



survey (multi-beam soundings) for bathymetric mapping, later
linked with 'Gloria' data (side-scan sonar imagery) produced
high resolution maps of tﬁe sea-bed in this region. During
this project, inactive sulphide mounds and sulphide talus
cement were discovered by the submersible ALVIN, and study
of these deposits forms tﬁe bulk of this sectién of the

present thesis.

At the time, these sulphides represented only the second
discovery of sucﬁ high grade hydrothermal material to have
been found on a mid-ocean ridge outside the Red Sea (Malahoff
et al., 1983), the other locality being at 21°% on the E.P.R.
(Hékinian et al., 1980). However, the chemistry and minera—
logy of the GRAFZI deposits described in this study is sub-
stantially different to that of the E.P.R. sulphide deposit
at 21°N (Hékinian et al., 1980).

Iron oxides, manganese oxide crusts with adhering clay minerals,
and carbonate sediments were also recovered by submersible, or

by dredging from the R/V CONRAD, in the GRAFZI area. Therefore,
in this area the complete fractiomation sequence described above

was observed for the first time on a mid-ocean ridge.

The following study attempts to describe the origin and formation
of the inactive sulphide mounds whilst trying to establish the
spatial relations between the vent material and the more widely

dispersed Fe silicate, Fe oxide and Mn oxide products,
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STUDY A CHAPTER 1

GEOLOGY, BATHYMETRY AND STRUCTURE
OF ' THE GRAFZI AREA, 86°W

The geology, bathymetry and fine-scale structure of the
GRAFZI area at 86°W, was mapped during 1980 using a multi-
beam, narrow~beam ocean floor survey with the U.S. Navy
S.A.5.8. (Sonar Array Sounding System) technique. This
survey was conducted over the axial region of the Galapagos
Rift crest between 85°10'W and 86°15'W, The structure of
the area is dominated by topographic features striking
parallel to the axial rift, in an east-west directiom

(Figure 1.1).

The Galapagﬁs Rift is a medium rate spreading centre with

a prominent rift valley, spreading at about 73 millimetres

per year (Malahoff et al., 1983). The rift wvalley is about

40 metres deep, 1 - 5 kms wide and located between 0°%42'N

and 0%48'N, at this longitude. The locus of volcanic activity
is to be found west of 86°W, and the rift valley is apparently
continuous eastwards to 85°22'W where it is terminated against
an active fracture zome {Figure l1.1). The structure of the
rift valley at the locus of volcanic activity, west of 86°w
has been thoroughly studied (Ballard et al., 1979) and fresh
lava flows, lava lakes and collapse pits as well as active

low temperature hydrothermal vents or thermal springs (Corliss

et al., 1979) were found (Figure 1.1).

S.A.5.5. survey data over the ridge crest at 85°50'W and
0%45'N showed the presence of a double rift with axial rift
elements striking in an east-west direction (Figure 1.2},

ALVIN dives 1001 and 1002 were used to survey and sample this
area of the two rift valleys, the principle rift valley located
to the north and a "jumped” rift located to the south (Figure

1.2). The northern rift valley which is 1200 m wide 15 marked
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FIG. 1.2. Medium resolution bathymetric
map of the Galapagos Rift valley,constructed

from U.5. Navy S5.A.5.5. data.

R-location of principal rift valley.

R'-location of "jumped" rift valley.

S-location of submarine polymetallic
sulphide deposit.
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FIG. -~ 1.3.High resolution bathymetric map of the Galapagos
Double Rift Area.R-principal rift axis;R'-"jumped"rift axis;
Solid line delineates high crest on the tilted block;Dotted
areas indicate axial volcanic piles;Hashures indicate down-
thrown side of normal faults;O=location of hydrothermal iron
oxides;S-location of hydrothermal sulphide deposit mapped on
Dive 1001.
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. by a prominent 30 m high median ridgg. The axis of the median
ridge is crested by several 15 - 40 m high volcanic edifices
(Figure 1,3). Dive 1001 showed the flanks of the ridge to
‘consist of fresh pillows covered by a slight dusting of sediment.
The sediment cover was found to increase towards a normal fault
at the northern rift valley's southern margin where it merged
into inactive hydrothermal iron oxide hummocks, 10 - 20 cms’
higﬁ, precipitated along a series. of vents located at the base

of the marginal fault scarp.

Dives 1001 and 1002 both encountered. hydrothermal denosits at the
base of the faulted rift margin (Figure 1.3). The principal
sulphide deposits found om Dive 1001l appear to be flamked to the
east and west by the inactive hydrothermal iron oxide deposits
found on Dive 1001 and Dive 1002 (Figure 1.3). The sulphides

were found at a denth of approximately 2850 m, in inactive

denuded mound form and also as a talus cement in a breccia

deposit located at the faot of a scarp slope. They have developed
along the southern margin of the northern rift valley forming a
line of coalesced chimneys between 100 and 750 m in length. The
sulphide chimneys (also referred to as stacks or mounds) are
generally 2 - 3 m in height with a maximum height of 7 m, and

1 - 2 metres in diameter (Figure 1.4). The area occupied by

the chimneys is underlain by basaltic talus. The talus 1s indaented
by a 2 = 3 m deep depression along the base of the 36 m high fault
scarp (Malahoff et al,, 1983), and is cemented and occasionally
overlain by a blanket of hydrothermal precipitates, up to 1 m

in thickness.

In summary, the in situ sulphide mounds directly overlie basaltic
basement, have an elevation of only a few metres and are in the
process of oxidation as evinced by their being coated with, and
surrounded by, an iron oxide gossan. Recently, (Malahoff, ners.

comm., 1982) a much larger sulphide deposit, perhaps as large as

12
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25 million tons, has been discovered associated with the
marginal fault system, but on the southern scarp of the
"perched" block, i.e. the northerm wall of the southern

rift valley (Figure 1.3).

A dredge haul in a water depth of 2500 m, located at about
0°57'N, 85°29'W on a seamount, and about 28 kms north of
the axis of tﬁe Galapagos Rift (Dredge 2; Figure 1.1),
recovered laminated manganese crusts and adhering green
clay minerals. Altﬁough these hydrothermal denosits are
locatad near to the 85°22'W fracture zone that separates
the Galapagos from the Ecuador Rift, they apparently do not
represent a fracture zone hydrothermal event (Malahoff et
al., 1983). Subsequent dives with the ALVIN during Sentember
1981, along the western flanks of the bathymetric high upon
which Dredge 2 was located, showed a thick sediment cover,
with no visible hydrothermal mounds akin to those at
86010'W, OOBS'N (Figure 1.1), described by Lonsdale (1977).
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CHAPTER 2

BULK GEOCHEMISTRY AND MINERALOGY
OF SAMPLES FROM THE 86°W AREA

A total of 69 samples were obtained from Dr. Alex Malahoff of
the U.S. National Oceanic and Atmospheric Administratiom, collected
during the GRAFZI Project of 1980. These samples can be divided

into four types:—

. Sulphide Mound Facies ...ceevcrvecssroannns 8 samples
Ferromanganese Oxide FacieS ...eeveeuveeas. 14 samples

R/V CONRAD Dredge HaulsS ......seveeeeesss. 19 samples

E B VR
-

. Short Sediment COres ..eeeiacesecensesssss 28 samples

The massive sulphides, ferromanganese oxides and short sediment
cores were collected by the ALVIN, This material was supplemented
by several dredged manganese crusts with adhering orange and green
coatings, collected by the R/V CONRAD from a fracture zone and a

seamount to the east of Dive 1001 (see Figure 1.1).

2.1 SULPHIDE MOUND FACIES

Sample BDescription

The 5 hand specimens collected can be seen in Plates 2.1.1 - 2.1.6.
Generally;theyconsist of altered massive grey vuggy sulphides,
with orange/red coatings on their surfaces, up to a few millimetres
in thickness (Plates 2.1.1 = 2.1.3). The high norosity and common
presence of conduits and passageways (Plate 2.1.2), suggests the
passage of hydrothermal solutions through the samples. Some
condults are mineralised and have chilled margins while others

show centimetre-scale circular structures which are associated
with shell fragments and organic debris and are infilled with

grey siliceous material. On the basis of the above observations,
there appear to be two controls on the porosity of the sulphides, -

one being hydrotheiial solutions, and the other, biogenic activity
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PLATE 2.1.1. Chalcopyrite~rich sample.
x1.

PLATE 2.1.2. Pore-ridden gossan surface of massive sulphide.

x1.
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PLATE 2.1.5.

PLATE 2.1.6.

x1.
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SAMPLE DESCRIPTION

DIVELIDOITAPNEEDLES .

DIVE1001 TOPMNDOXSURF
DIVE 1001 TPMAUNDBULK
DIVE 1001 MIDMNDRXSURF
DIVE 100 1MIDMOUNDBUL K
DIVEIOOISAMPLEASTNG
DIVEIOO1STNSSULPHIDE

DIVELIQD1=15TNG

TABLE 2.,V1.1.

INRCTIVE HYDROTHERMAL MBUNDS ; SULPHIDE FACIES

DETECTION LIMIT

cu

267000
136660
172100
36400
79800
7195
61200
6283

PERCENT e -
MN cCA AL cCo NI
0.01 0.03 0.34 ND ND
0.01 0.04 0.36 ND ND
0.08 0.03 0.58 ND ND
0.02 0.04 0.27 7 ND
0.01 0.04 0.61 ND MD
8.40 0.80 0.16 30 13
0.04 0.01 0.37 ND 56
0.01 0.01 0.10 ND 56

e e e e NN 6.....10.

(ND=NBT DETECTED)

Mound Mineralogy.

e e ey s . e 8 e e e S .

MOUND TOP
1.CHALCOPYRITE
2.PYRITE

1.PYRITE

MOUND MIDDLE

2.AMORPHOUS SILICA

3.AMORPHOUS SILICA 3.CHALCOPYRITE

4 .GOETHITE 4.SPHALERITE
5 .MARCASITE 5., GOETHITE
6.COVELLITE 6 .MARCASITE
7 .CHALCANTHITE 7.COVELLITE
8 .CHALCANTHITE

(In order of decreasing abundance.}

1300
1800
9680
660
7000
8370
18865
14470

(074
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as seen on the E.P.R. at 21°N (Hékinian et al., 1980).

Often the grey sulphides are coated with orange iron oxide
gossan (Plate 2.1.6) which attests to the fact that this
assemblage was not in equilibrium with its environment on

the sea~floor.

Bulk Geochemistry and Mineralogy

Bulk geochemical analysis was carried out by Atomic Absorption
Spectrophotometry on the 8 representative sub-samples from the

5 hand specimens, for Fe, Mn, Ca, Al, Co, Ni, Cu, Zn, Pb, Ti

and Ag (see Appendix B). SiO2 was determined on the Inductively
Coupled Plasma Spectrometer (see Appendix B). Table 2.1.1

shows the bulk geochemical data for representative samples and

their location on the sulphide edifice.

Mineralogical identification was carried out on powder cavity
mounts by X-Ray Diffractometry using CoK= radiation. More

detailed mineralogy, determined by reflected light microscopy,

is reported in Chapter 3. The mound mineralogy is shown in

Table 2.1.1. Chalcopyrite (CuFeSz) and pyrite (FeSz) are the
dominant mineral phases found in Dive 1001 sulphides, whilst
sphalerite (ZnS) is much less common, and appears to be associated
with amorphous silica (SiOz). Important chemical and mineralogical
differences exist between the mound top and mound middle which

have been treated separately.

Mound Top

The maximum Cu value (26.7%) with associated high Fe (27.7%),
occurs in a chalcopyrite-rich veinlet with individual grains up
to 3 mm's in size, found at the top of the mound adjoining
surficial iron oxide gossan (see Plate 2.1.1 and 2.1.7). This
sample camnot be regarded as typical of the mound in general
but merely represents a chalcopyrite enriched mineralised
conduit. Generally, at the top of the mound Cu varies between

17.27 and 13.77, the latter value occurring in the oxidised
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surface sample, In the mound top samples, Cu and Fe avéragg
15.5%Z and 22.1%, respectively. Mn, Ca, Al, Co, Ni, Pb and

Ti are all low, but Si0, varies between 35,.3% and 23.67%, with

an average value of 29.?2. The chalcopyrite-rich veinlet
(Plate 2.1.7) contains only 8.77 Sioz, and this low wvalue is
probably due to the high chalcopyrite content. 2Zn is present
in very low concentrations and shows a maximum of only 1900 ppm
in the chalcopyrite needles sample. and a minimum of 980 ppm in

a bulk sample from the mound top.

Ag values as high as 55'ppm are found in the chalcopyrite needles,
which is approximately the same level of concentration as that
found in the Red Sea sulphide-rich metalliferous muds (Bischoff

and Mannheim, 1969).

In summary, the mound top samples are rich in Fe, Cu, Ag and
SiOZ.
found (see Table 2.1.1), e.g. chalcanthite (CuSOA.SHZO) with a

In addition, minor amounts of secondary minerals were

major peak at 4.70 g; marcasite (FeSz) with major peaks at
2.71 & and 1.76 K; covellite (CuS) with a major peak at 2.81 2.

These minerals are described more fully in Chapter 3.

Mound Middle

Pyrite is the most common mineral in the mound interior, where

Fe values reach 31,2%7. As observed at the mound top, Cu is
lower in concentration at the oxidised surface of the mound
middle relative to the bulk fresh sulphide sample (Table 2.1.1).
Cu ranges from 3.6%7 to 8.07 in the mound middle, with an average
of 5.8%7. Fe varies from 19.17 to 31.27, varying inversely with
SiO2 content, Zn reaches a maximum of 1.457 in a sample containing
86 .67 amorphous silica (Table 2.1.1) and this sample is shown in
Plate 2.1.4. The association of Zn and SiO2 seems to be variable
but is best shown in samples from Dive 1001=1, Station 9. Apart

from the oxidised surface sample, Zn is higher in the mound middle

than at the top, and this can also be said of Pb, but-on a much
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smaller scale, Mn, Ca, Al, Co, Ni, Pb and Ti are all low in ‘
concentration. Ag values are highest (26 ppm) along with Zn,
Ni, Pb and SiO2

values are genmerally less than half those which occur in the

in the Dive 1001=1 Station 9 sample, but Ag
Cu-rich mound top.

The mound middle samples are much less rich in Cu and Ag than
those from the mound top, whereas Zn is enriched and seems to
depend to some extent on the concentration of S:'LO2 in the
sample. Fe also seems to vary inversely with the concentration
of amorphous SiOz. The sulphide or oxide minerals may be diluted
2¢ 8102 is sometimes associated with
organic filaments, shell fragments and worm tubes (see Plate

by large amounts of Si0

2.1.8 and Chapter 3 on.Reflected Light Microscopy) of biogenic

origin.

Dive 1001 Sample &4, Station 9 is rich in Fe (26.6%) and Mn (8.47)
with some Co (30 ppm), Ni (43 ppm) and Pb (275 ppm). This sample
consists of ferromanganese oxides with a small amount of admixed
sulphide. Co, Ni, Pb and trace metals in general are typically
low in hydrothermal ferromanganese oxides (Cronan, 1980) but Cu
(0.727) and Zn (0.907) are high in this sample, suggesting the

inclusion of sulphide fragments.

2.2 FERROMANGANESE OXIDE FACIES

Sample Description

Dive 1002 encountered orange friable iron oxide material built into
a series of small domes and hummocks, which in some cases showed
concentric layering on a 0.5 cm scale. 11 samples were collected
from these domes which were often encrusted with manganese oxides
which could also be found lining small millimetre wide passageways

in the orange friable iron oxide structures (Plate 2.2.1).

The samples were of low density due to their high porosity. Dive
1001 recovered one sample which comprised manganese oxide crust

(3 mﬁ; thick) on an orange iron oxide substrate, shown in Plate
2.2.2., Three sub-samples were taken from this hand specimen which

augmented the 11 taken on Dive 1002, making 14 samples in total.
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TABLE 2.2.3.
INACTIVE HYDROTHERMAL MOUNDS ; BXIOE FACIES
PERCENT e m e PPM ~— e e e e e sp/C
FE MN CA AL co NI cu 2N PB TI ST, Fe/Mn
DIVE1001STNB2636FEGX 33.75 5.04 0.97 0.04 15 30 220 4800 ND ND  12.70 6.7
DIVEIOO1STNB2635MNCR  3.83 42.50 1.62 0.17 122 110 1212 23000 ND 110 0.1
DIVE1001STNG2635METR 30.19 4.74 D.95 0. 18 17 18 154 5685 ND ND  15.30 6.4
DIVE1OD2STN3SURFOCFL 29.28 4.02 2.26 (.09 g a3 45 59 ND ND 7.3
DIVE1002STN2STOPHUMM 33.77  1.36 1.66 0.03 Q 15 7 33 ND ND 25_9
ADIVE10025THZ 29.92 3.36 1.60 0.03 i2 45 10 62 ND ND . 14.26 8.
EDIVE1OD2STN2 28.53 4.0 1.90 D0.07 10 43 9 65 ND ND  13.49 5.8
COIVE1D0D2STN2 29.94 0.8 1.35 0.05 9 10 5 36 ND ND  21.44 37.0
DDIVE1DD2STN2 29.69 3.13 1.48 0.03 8 53 10 69 ND ND  13.77 2.5
EDIVE10O2STN2 31.38 1.18 1.35 0.05 g 15 19 27 ND N  17.81 26
FDIVE10D2STN3 28.28 2.71 2.75 D.13 11 40 17 82 ND ND  15.50  10.4
DIVE1002STN2VENTSAMP 31.05 3.82 1.65 D.04 10 23 7 36 ND ND 8.1
DIVE10D2STHM2SMALVENT 28.90 6.83 2.5  0.08 11 a8 20 55 ND ND 4.4
DIVE10D02STN2SMINHUMM 32.42 2.36 1.65 D.02 9 30 8 52 ND ND 13,7
DETECTION LIMIT. . .' o v cnnssnnnns y . 10..... 30

(ND=NBT DETECTED)

G2
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.Bulk Géothemistry and Mineralogy.

The mineralogy of the hydrothermal ferromanganese oxide facies.
consists of X—Ray amorphous Fe oxides, birnessite (major peak at
7.19 &) and minor calcite and smectite (major peaks at 11.7 2
and 4.49 &, for 001 and 110,020 diffractioms, respectively).
Typically the peaks obtained from X.R.D. of Fe and Mn oxides were

either very diffuse or non—-existent, due to poor crystallinity.

Three sub-samples from the Dive 1001 Station 6 sample had a
different chemistry to the other samples taken during Dive 1002
(Table 2.2.1). In these sub—samples Fe has a maximum value of
33.87 with Fe/Mn of 6.7, whilst Mn has a maximum of 42.57 with
Fe/Mn of 0.1. These sub—samples consisted of a Mn crust, an Fe
oxide substrate, with the third sample a mixture of the two. The
Mn crust contains more Co and Ni than the other two samples. Of
particular interest are the high Cu and-Zn values, 1212 ppm and
2.307 respectively in the Mn crust containing birnessite, and

220 ppm Cu.and 0.487 Zn in the Fe oxide (Table 2.2.1). Such values
are very high for hydrothermal Fe and Mn oxides, which are normally
low in trace metals (Cronan, 1980) and a possible explanation is
offered in the light of electron microprobe investigations, in
Chapter 3., The SiO2 values of 12,7% and 15.3% for the iron

oxides with high Cu and Zn are similar to the SiO2 content of the

other ferromanganese oxide samples with lower trace metal contents.

The remaining ferromanganese oxides (excluding Dive 1001 sub-samples)
consist of Fe, Mn and approximately 157 SiO2 on averégé, with litctle
else of consequence, attesting to their relatively pure hydrothermal
nature., Fe values range from 33.8%7 to 28.3%, while Mn ranges from
6.5% to 0,817, Fe/Mn ratios vary from 37 to 4 with a high value

population of 3 and a lower value population of 11,

2.3 R/V CONRAD DREDGE HAULS

Sample Description

The R/V CONRAD dredges recovered a silicate—iron oxide-manganese oxide

sequence, comprised of 2 Mn crusts from dredge 1 in the fracture zone



UNIDCRUSTFEBAXSURFACE
UNIDCRUSTBULK
UNIDCRUSTWHITEBRSE
D2NBITBRPMNCRUST
D2NB1GREENMATER IAL
D2NB1BOTTOMCRUST
D2NB2KNBBBL YMNCRUST
D2NOG3FEQXIDECORT

» D2NO3BULKCRUST
D2NBAFEAXIDECOAT
D2MNO4TOPSMMMNCRUST
02NB4BULKCRUST
D2NB4BATTBMGREENMAT
D2NOSFEQXIDECOAT
DZNB5SURFMNLAYER
DZ2NASMIDICMUNIT
D2NB5BASALCRUST
GRAFZIB00 10RANGEMNCR
GRAFZIBAD1FZMANCRUST

TABLE 2.3.1.

DREDGED MANGANESE CRUSTS AND ADHERING SEDIMENTS

PERCENT E - e~ PPM === —= —-==~=P/C

FE MN CA AL co NI cu ZN PB TI SIOQ
31.00 2.76 1.26 0.04 5 40 28 70 ND ND
4.30 44.10 1.76 0.10 12 290 46 210 ND 60
2.40 16.00 19.70 1.14 24 190 72 180 ND 530
B.16 35.90 1.37 0.08 7 50 11 30. ND 40

18.68 13.20 0.48 0.03 9 40 10 30 ND ND 32.37
7.06 36.20 1.15 0.05 ND 140 25 100 ND ND
4.47 42.80 1.70 0.12 8 320 47 250 ND 70

21.90 12.90 0.64 0.04 9 60 16 60 ND ND  28.36
7.82 37.80 1.34 0.11 16 180 29 125 ND 85
30.45 3.68 1.34 0.02 ND 50 35 50 ND ND
11.16 27.90 1.15 0.10 4 250 35 190 ND 60
12.10 25.40 0.83 0.01 ND 40 9 20 15 ND

21.20 8.43 0.41 0.02 7 40 17 40 ND ND  36.36
27.20 2.94 1.40 0.03 ND 50 80 50 ND ND
5.46 40.80 1.93 0.02 8 30 14 20 ND ND
2.97 45.80 1.78 0.04 ND 90 23 50 ND ND
6.02 37.90 1.31 0.18 ia 470 56 360 ND 100
5.089 38.80 1.25 0.13 17 290 52 171 ND ND
5.00 38.90 1.28 0.06 16 133 29 65 ND ND
ODETECTIBN LIMIT... o ennnn. £ . P - PRI 0|

(ND=NOT DETECTED)

i
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DREDGE 2. |
No. 4

HIGHLY VARIED
SAMPLE WiTH

OXIDE + SILKATE 4

PLATE 2.3.1. Iron oxide overlain by manganese oxide and

underlain by clay minerals.
x1.

PLATE 2.3.2. Laminated manganese oxide overlain by irom
oxide and underlain by clay minerals.

x1.

LAMINRTED CRUST
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PLATE 2.3.3.

PLATE 2.3.4.

DREDGE 1,
No. 1,
MN, CRUST WITH

ADHERING GREEN
MATERIAL -

x1.

x1.

DREDGE 2.
No.2.
IRREGULAR MNCRUST

+ADHERING GREEN
MATERAL .
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PLATE 2.3.5.
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PLATE 2.3.6. Iron oxide coating on manganese oxide.
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at 85°22'W and 17 samples of silicates, Fe and Mn oxides from
dredge 2 on the seamount at 0°57'N, 85°29'W.

Of -the 19 samples collected, 7 of them represented coatings of
green clay material or Fe oxide present as substrate or a surface
coating on the. Mn crusts, The green clay material was always
found underlying the Mn crusts, Plates 2.3.1 and 2.3.2 show the
association of silicate and oxide material, from the seamount.
Plates 2.3.3 and 2.3.4 show green clay minerals adhering to the
bases of Mn crusts, without Fe oxides, and these samples are also
from the seamount. Fracture zone Mn crusts from 85%22'w sQow a
blocky structure, with some laminated horizons up to 8 wms in
thickness (flate 2.3.5). A Mn crust from an unidentified

location, coated with orange Fe oxide, is shown in Plate 2.3.6.

Bulk Geochemistry and Mineralogy
Iron Oxides and Clay Minerals

As stated, 7 samples were separated from the Mn crusts, either

from their tops or their bases, and consist of green clay minerals
and Fe oxides, with one exception. This sample was rich in Ca
(19.7%) and was found to be pelagic foraminiferal qalcite—rich
sediment which had become mixed with the associated Mn e¢rust on
sampling. This explains the lower Fe and Mn content of this

sample compared to the other Mn crusts. Trace metals are generally
low, whilst AL (1.1%) and Ti (530 ppm) values indicate a small
amount of contaminant basaltic detritus, and plagioclase was

identified by X.R.D., subsequently in confirmation of this.

The Fe oxide coatings contained 31.0%, 21.97%, 30.57 and 27.27 Fe
(see Table 2.3.1). The high Fe values of these samples, their low
trace metal content and their similarity to deposits in the FAMOUS
area of the Atlantic and in the N.E. Pacific (Hoffert et al., 1978;
Grill et al., 1981) confirms their hydrothermal nature. Three of
the four samples are low in Mn. When analysed by X.R.D. no
identifiable peaks were observed, which is a feature typical of
amorphous iron oxyhydroxides of a limonite character. The sample
with 21.97 Fe and 12,97 Mn (see D2 No.3, Table 2.3.1) was found

not to be a pure Fe-Mn oxide. The sample consisted of 28.47% SiO2
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TABLE 2,3.2.

D2 No.lieaawaanna (SiO2 =32.4%)
Air dried hkl spacings (001) (110,020) (130,200) (330,060)
(in ) 12.1 4.56 2.58 1.515
Glycerated hkl spacings l
(in R) 18.5
B2 No3...:.-o: “(510, =28.1%)
Alr dried hkl spacings (oo1) (110,020) {130,200) (330,060)
(in K) 12.3-13,1 4.54 2.61 1,522
Glycerated hkl spacings 17.1
(in A)
D2 NU-4----.--...(Si92 =36.4%)
Air dried hkl spacings (001) (110,020) (130,200) (330,060)
(in %) 12.3 4.54 2.59 1.517
Glycerated hkl spacings 18.5
(in A)

MINERALOGICAL DATA FOR DREDGE 2 SMECTITES FROM THE SEAMOUNT LOCATED NORTH COF THE GALAPAGOS RIFT AT 0°57!N_AND 850_2_9'11’1.

ee



TABLE 1., 3,3.

Comparative Hydrothermal Nontronite Data

wes GRAFZI, B86°W FAﬁOUS éiLAPAGS; Ex;iORER GUE; QF REg SEA
D2 No,l1 b2 No.3 D2 No.4 AREA MOUNDS FIELD RIDGE ADEN
5102 43.1 37.4 44.7 44.4 49 .4 44 .4 46 .4 47.3 36 .4
Al,03 0.08 0.10 0.05 0.20 0.52 0.53 1.59 0.62 2.10
Fes03 31.0% 36.2%* 30.2* 35.6 30.4 28.9 29.3 32.5 31.5
MgO NR NR NR 2.84 2.37 1.65 3.22 2,99 1.50
cao 0.89 1.18 0.71 0.80 0.05 0.56 0.50 0.77 0.50
TiO2 ND ND _ ND 0.02 0.03 0.02 0.13 0.04 NR
Bpm
Co 9 9 7 2 3 3 2 12 NR
Ni 40 60 40 33 10 17 2 6 NR
cu 10 16 17 49 30 21 9 ND 6,390
Zn 30 60 40 9 . 53 56 31 2 15,270
Pb <5 <5 <5 NR 55 16 4 NR NR .
{(NR = not reported; ND = not determined) (* = corxected for Fe in

Ferromanganese Oxide phases)
Source of Data

A = Hoffert et al., 1978 D = Grill et al., 1981
B = Hékinian et al., 1978 E = Cann et al., 1977
C = Moorby and Cronan,in press F = Bischoff, 1972.

123



TABLE 2.3.4.
CAICULATIONS TO EXPRESS NONTRONITE COMPOSITION ON A FERROMANGANESE OXIDE FREE BASIS (AS IN TABLE 2,3.3).

[ ] .
Equation 1l.ssess.. Fe(TOTAL) - (Mn(TOTAL) X %%(CRUST)) = Fe(SMECTITE)

eg.D2No.1... 18.9% - ( 13.2% x 1 ) = 16,3%.

5.13
D2No.3... 21.9% - ( 12.9% x 1 ) = 19.2%.

4,85
D2No.4...21.2% - (  8.4% x 1 ) = 17.2%.

2.10

The ferromanganese oxide content of the samples,expressed as (Feap3+Mn02) i3 calculated from.-

L .
Equation 2........ (Fe (toran) ¥ e smecTITE) X Mol.Wt.F3203) + (Mn(TOTAL) X Mol.Wt.MnO,) =Ferromanganese

2
2 x AL.Wt.Fe At. WE.Mn Oxide Content.

eg.D2No.1...( 18,9 - 16,3 X 160 ) + ( 13,2 X 87 ) = 24.6%
112 55

D2No,3...{ 21.9 -19.2 X 160 ) + ( 12,9 X 87 )} = 24.2%
112 55

D2No.4...( 21.2 -17.2 X 160 ) + ( 8.43 X 87 ) = 19.0%
112 55

The major elements contained in the nontronite phase can then be expressed on a ferromanganese oxide
free basis,as shown below and as reported in Table 2.3.3.

Equation 3........ 100% = Nontronite Major Element Correction Factor.
(100-Ferromanganese Oxidel)%
eg.D2No.l..veensnsensalsdd
D2NO.3.iveasevananssl.d2
D2NO.4.iveeeanaanssal.23

(* Fe poman) and Mn(TOTAL) are reported in Table 2.3.1.)

Ge
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and X.R.D, peaks with (hkl) spacings are shown in Figure 2.3,1
and Table 2.3.2. Along with samples D2 No.l and D2 No.4, the
properties shown by D2 Ne. 3 are those which ;1assically belong
to smectites (Brindley and Brown, 1980). Expansion of the basal
spacing (001) occurred upon glyceration, from 12.1 2 to 18.5 R,

for these smectites.

Nontronite, an Fe-rich member of the smectite group (Brindley .and
Brown, 1980), has been found commonly associated with hydrothermal
systems (Bischoff, 1969; Corliss et al., 1978; Goulart, 1976;

Grill et al., 1981; Hékinian et al,, 1978; Hoffert et al., 1978;
McMurtry et al., 1981) from a variety of locations on the World
Mid-Ocean Ridge Sys%em. Harder (1976) found by experimental
techniques thﬁt nontronite could precipitate from low temperature
ferrous-ion rich solutions only under reducing conditions. Therefore,

nontronite must form from solutions at a lower redox potential than

Fe oxyhydroxides.

The nontronite samples (Table 2.3.3) were contaminated with adhering
Mn crust material, so the Fe which is present in the ferromanganese
oxide phase has been subtracted by using the Fe/Mn ratio of the
ferromanganese oxide crust, in that particular sample. This should
give a more accurate reflection of the bulk chemical composition

of the clay mineral phase itself. The corrected Fe, present in
smectite, is shown in Table 2.3.4, calculated from Equation 1.

After correction for Fe contained in the ferromanganese oxide phase,
the corrected Fe represents that within the nontronite phase but it
is necessary to re-calculate the major elements from Table 2.3.1.,

on a ferromanganese oxide free basis, to understand the true chemical
composition of CRAFZI nontronite reported in Table 2.3.3. Trace
metals were left uncorrected as it Is unknown what the relative
contributions are from silicate and oxide phases. The ferromanganese
oxide content and the calculated correction factor for the major
elements is shown in Table 2.3.4, calculated from Equations 2 and

3, respectively,
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TABLE 2.3.5.
Comparative liydrothermal Mn Crust Data
A B C : D | E P

wes GRAFZI, 86°W TAG FAMOUS GALAPAGOS E.P.R.,20°S EXPLORER RIDGE, S.W.PACIFIC

DZ No.l N.ATLANTIC N.ATLANTIC RIFT 959 (GEOMETEP) N.E.PACIFIC,SO°N 177°W, 27°s

26°N 37°N.

Mn 35.9 41.0 31.0 52.5 48.2 44.3 49.0
Fe 8.16 0.13 6.77 0.21 0.08 1.95 0.05
Ca 1.37 NR NR NR 1.10 1.14 2.20
Al 0.08 0.07 0.50 0.06 ND <0.05 0.03
ppm
Co 7 6 83 10 15 2 8
Ni 50 440 163 67 554 6 93
Cu 11 104 143 88 170 6 24
Zn 30 195 102 495 94 13 110
pr,. <5 4 <1 7 17 <1 9

{NR = not reported; ND = not determined}

Source of Data

A = Scott et al., 1974 D = GEOMETEP (this work)
B = Toth, 1980 E = Grill et al., 1981
C = Moore and Vogt, 1976 F = Cronan et al., in press

L8
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Table 2.3.3 attempts to synthesise previously published hydro—
thermal nontronite data which show similarities to GRAFZI
nontronites. With the sole exception of the Red Sea smectite,
all analyses show very low trace metal contents. The Red Sea
smectite high trace metal content is probably due to the presence
of admixed fine-grained chalcopyrite and sphalerite (Degens and
Ross, 1969). The CRAFZI nontronite has between 377 and 457 SiOz,
with 30% to 367 FeZOj‘and only minor -amounts of A1203 and CaO.
Mg0O was not determined, but by analogy with the other reported
nontronites, is presumably also low in concentration. The non-

tronite 1s thus a very pure, low trace metal, hydrothermal iron

silicate.

Manganese Crusts

The Mn crusts proper, show a range in Fe content from 3.07 to

12,17 and Mn from 25.47 to 45.8%. This variation is reflected

in Mn/Fe ratios from 15.4 in sample D2 No.5, to 2,1 in samnle

D2 No.4. This latter ratio represents the hydrothermal ferro-
manganese oxide with the largest component of Fe, perhaps formed
nearest to a hydrothermal vent. Peculiar to GRAFZI Mn crusts, is
their high Fe content, and these may represent samples (as in Burnett
and Piper, 1977) which truly represent hydrothermal precipitates

transitional between the Fe and Mn end-members.

Well-crystalline birnessite was the most abundant Mn oxide mineral
in the Mn crusts (see Figure 2.3.1) but todorokite was more abundant

in 2 samples taken from the fracture zone at 85°22'y.

. . compared with hydrogencus crusts,
Trace metals are uniformly low in the Mn crustsfwith a maximum of

17 ppm Co, 470 opm Ni, 56 ppm Cu, 360 ppm Zn and 15 ppm Pb.
Comparative data for other hydrothermal Mn oxides is given in

Table 2.3.5, Sample D2 No.5 has the highest values for Ni, Cu and
Zn. Co has been found to be markedly depleted in hydrothermal ferro-
manganese oxides (Cromnan, 1975; Toth, 1980) which are thought to
accumulate two or three orders of magnitude faster than hydrogenous

Mn nodules (Scott et al., 1974; Moore and Vogt, 1976).



FIG.2.4.1.

CORE DESCRIPTIONS.

DIVE 1002 Stn.l.

X

DARK BROWN
FORAMINIFERAL
SEDIMENT.

BLACK MANGANESE
RICH BAND.

2

LIGHTISH

BROWN FORAMINIFER

~AL SEDIMENT.

Orange cylinder-
tube like
structure.

) Q

10

12

i4

(O-ldcms.)

ANALYSED IN BULK
SAMPLE HORIZON.

DIVE 1002 Stn.2.

.

X

RED/BROWN
FRIABLE SEDIMENT.

CRUMBLY GREEN
CLAY-LIKE
MATERIAL.

GREY/GREEN
COMPACT CLAY.

13

18

20

39

(0-20cms . )



Table 2.3.5 gives a comparison of the GRAFZI Mn crusts with other
hydrothermal deposits on the World Mid-Ocean Ridge System. These
hydrothermal Mn crusts show a variability in Fe and Mn content
which can be explained by chemical fractionation. GRAFZI Mn crusts
show a similarity to FAMOUS deposits, although compositional
variability is marked in both areas (see Table 2,3,1 and Hoffert

et al., 1978). However, TAG Mn crusts show an enrichment in Mn
and very low Fe contents. Trace metal content is low throughout
all the deposits compared to typical slowly accumulating Mm: nodules
(Cronan, 1980). Some of the hydrothermal Mn crusts shown in

Table 2.3,5 contain relatively high Ni and Zn which may be due

to additional metal supply from hydrogenous sources (Goldberg,
1954) . '

2.4 SHORT SEDIMENT CORES

Sample Description

Of the 17 cores collected, 2 cores from Dive 1002 were highly
ferruginous in nature, especially at their tops (Figure 2.4.1).
Further down the cores the sediment becomes more grey/green

in colour and of a clay-like consistency. The cores collected
were all less than 37 cms in length and so. have been termed ALVIN
short cores. Samples were taken of horizons which appeared to be
lithologically different from the adjacent sediment, whilst

attempting to sample representatively over the whole core length,

Most of the cores show a gradational contact between dark yellow
brown sediment in the upper core and grayish vellow sediment below.
The amount of basaltic glass increased in the lower parts of the
core where sand-sized fragments were common and occasionally
fragments greater than 1 c¢m in diameter were found. The gradational
contact between layers generally occurs around 15-20 cms below the
core top, but core 995-3 shows a change in colour and constitution

of the sediment 2 cms below the surface.

Short cores from ALVIN dives 995-1, 997-1, 998-1, 999-3 and 1001-1
show dark yellowish brown/chocolate brown sediment throughout their
whole core lengths. This is, in part, due to the short nature of
the éores e.g. the -~or= recovered on Dive 999-3 1is only 15 cms
long. However, the core from Dive 997-1 shows uniform brown ¢olor-

ation throughout 22 cms and this core was situated in the fracture

40



TABLE 2.4.]. |
IEEE%SEE%ElFree Data. ) SHORT CORE CO, SEDIMENTS
%Fe %Mn %Ca % Al Co Ni Cu n

_ Ti  ¢CaC03 g 8510,
DIVE10028710-2CMS 9.14  8.22  21.50 .50 24 270 156 262 2487 1.6" " 25.8
ND

888 d

DIVE10025TN110~-14CYL 30.62 0.23 5.60 .27 ND 20 3 106 11.0 16.7
DIVE10028TN112-14CM5 13.47 2.12 20.50 .52 29 116 168 274 2938 49.1 '24.5
DIVE10025TN20-2CM 30.23 1.31 2.05 05 17 15 8 34 ND ND 16.0

DIVE10025TN218-20CM 14.71 0.48 22.00
ATLVING94=110-12CM 4.1 1,80 27.50
ALVING94=125-27CM 4.20 2.22 28.50

ALVING94=24-6CM 4.02 2,97 26.00
ALVING94-218-21CM 3.73  0.27 26.00
ALVING94=34-6CM 3,73 2.50 23.00
ALVIN994=319-23CM 4.20 0.23 24.00
«  ALVING95=14-6CM 3.37 2.28 24.50
ALVING95=24-6CM 3.79 4.29 21.25
ALVING95=221.-23CM 5.61 0.71 22,00
ALVING95=310-12CM 4.47 0.26 28.50
ALVING96=14-6CM 3.07 1.85 30.50
ALVING97=15-7CM 2.97 4.72 18.75
ALVING9T7=25-TCM 3.48 4.13 22.00
ALVING97=227-29CM 5.28  0.72 26.00
ALVIN998=14-6CM 3.28 2.97 27.75
ALVING98=24-6CM 3.85 3,20 29.00
ALVIN996=218-20CM 4.09 0.24 29.00
ALVING98=223-26CM 4.00 0.17 28.85
ALVIN9G99=13-5CM 3.54 1.40 32.50
ALVIN999=110-12CM 4.09 0.77 33,25
ALVING99=37-9CM 6.99 2.27 20.00
ALVING99=411-13CM 6.65 1.03 21.75
ALVIN1001=13-5CM 5.67 3.59 25.25

.65 21 83 152 261
.29 45 180 327 225
14 29 257 456 290
66 35 284 225 233
S4 27 145 391 217
.60 3 285 170 232
.28 31 122 1M 218
.24 39 225 208 274
<31 34 357 198 272
.38 31 198 146 248
.10 33 179 261 293
.82 39 225 162 181
.30 27 492 269 444
97 38 384 317 394
.83 32 225 269 512
.95 40 318 199 223
02 41 303 235 215
.88 ND 143 255 293
.26 20 158 218 223
40 149 194 199
44 100 210 160
45 254 192 214
45 123 165 181
51 313 659 394

=
o

2869 53.1 26.1-
3675 67.1 39.8
3341 69.5 28.8
4355 63.2 42.9
3417 6%.2 41.3
2319 59.4 39.6
4869 58.2 - 47.3
2906 59.3 39.3
3506 51.0 38.7
6260 53.1 A1.4
3667  69.7  37.6
2759 74 0.4
2255 44.7 37.2
2556 53.1 36.8
2278 63.2 35.7
2831 £7.6 38,7
3832 70.9 39.7
2896 70.9 44.1
2713 70.4 41.1
3986 79.7 36.1
3871 81.7 3.7
8501 48.0 43.6
8439  52.3  43.3
3435  61.2 38.5
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p.p.m. unless stated.
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zone at 85°22'W, far removed from the proven site of hydro-

thermal activity at Dive 1001 (see Chapter 1, Figure 1.1).

Bulk Geochemistry and Mineralogy

Bulk chemical analyses for 28 sediment samples are shown in
Table 2.4.1, and are expressed on a carbonate free basis using
the method of Dymond et al (1976), described in Appendix D.
The removal of the calcium carbonate component of pelagic
sediment allows detailed study of the geochemical variation

within the remaining sediment fractions,

The aim of this study of ALVIN short cores is to examine the
distribution of elements and their dispersion away from known
hydrothermal sources, e.g. Dive 1001, and to locate areas of
anomalous metal concentrations possibly reflecting dispersion
from other suspected hydrothermally active sites. This localised
study will be supplemented by a regional study of sediment cores

taken more widely over the 86°W area {see Section 2.6).

The sediments analysed fall into the foraminiferal marl and
chalk ooze categories, according to the classification of

Olausson (1960), with 30-60% CaCO3
tively. CaC0, varies between 44,77 and 81.77, excluding cores

3
taken during Dive 1002 in the hydrothermal ferromanganese oxide

and greater than 607, respec—

facies, where, in one sample, CaCO3 is not present. Samples
from Dive 1002 cores have a maximum of 30.6% Fe and 8.27 Mn

with Fe/Mn ratios varying between 133 in the Fe rich sample

(Dive 1002, Station 1, 10-14 cms; see Figure 2.4.1) and 1.1

in the uppermost layer from Dive 1002, Station 1, 0-2 cms. Trace
metal content is wariable with maxima of 29 ppm Co, 270 ppm
Ni, 168 ppm Cu and 274 ppm Zn. The Dive 1002 Station 1 core has
a relatively constant SiO2 content throughout the core, from
25,87 at the top to 24.5% at the base. Similarly, CaCO3 is
constant at about 50%. The exception to this is the sample from
10-14 cms in a core taken from Dive 1002 Station 1, which is very
rich in Fe and lower in CaCO3 and SiOz. Figure 2.4.1 shows a
lithological description of this core, where Fe increases from

9.1%7 to 30.6% from top to bottom, whilst Mn decreases from 8.27
to 0.27.



A Mn-rich band occurs at 6-7 cms denth. Episodic hydrothermal

input, with Mn oxides as the last hydrothermal nrecipitates, -

have been noted in the varve—~like Red Sea sediments (Backer and
Richter, 1973). The Mn oxide layer may therefore represent the
last product of hydrothermal activity, before processes were

restarted.

The Dive 1002 Station 2 core also shows a decrease in Mn downcore
from 1.3%7 to 0.5%, and in Fe from 30.2% to 14.77, whilst the ‘most
enriched trace metal content occurs at the core bottom, but is

still very low with 21 ppm Co, 83 ppm Ni, 152 ppm Cu and 261 ppm

Zn. CaC0, varies from 53% to zero, from core bottom to top. Anti-

3
pathetically to the variation of Fe and Mn, S5i0, increases from 167

to 26%Z from top to bottom. This observationm, ciupled with a change
in colour from red/brown to green in the sediment (Figure 2.4.1)
suggests an increase in the clay mineral component downcore,
identified as smectite by bulk X.R.D. From the above it is

evident that cores from Dive 1002 Stationsl and 2, show a smectite-—
iron oxide-manganese oxide fractionation throughout their lengths.
Dives 1001 and 1002 together illustrate, for the first time outside

the Red Sea, a sulphide=-smectite-iron oxide-manganese oxide sequence.

The remaining cores were markedly less enriched in Fe and Mn oxides
than Dive 1002 cores. A maximum Fe content of 7% occurs'in sediment
from Dive 999, and high Mn (3.6%) was found in a core taken during
Dive 1001.

Examination of the bulk geochemical data from cores taken during
Dives 994, 995, 996, 997 and 998 reveals more subtle enrichments
of hydrothermal elements dispersed in seawater from their source.
To appreciate anomalous metal concentrations it is necessary to
adopt a geochemical background value, and the data of Moorby and
Cronan (1983a) for 90 pelagic sediments from the Galapagos Hydro-
thermal Mounds Field have been used for this purpose as follows:-
7% Z ppm . ppm ppm ppm ppm {Carbonate Free
0.79 3.8 260 27- 255 420 1730 Data)
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The most markedly enriched samples, above this background value

for Fe, are in cores from Dives 995 and 997. These cores also

show very marked Mn enrichment above background values, of the
magnitude reported by Bonatti et al (1971) and Moorby and Cronan
(1982) for the surface oxidised layer of pelagic carbonate ocozes

in this area. This observation suggests two possible sources for
Mn in the sediments, one from diagenetic remobilisation of Mn and
its re-precipitation within the upper oxidised layer, as noted by
Lynn and Bonatti (1965), and the other from hydrothermal dispersion
of Mn from its source, Both of these mechanisms are likely to

contribute Mn to GRAFZI pelagic sediments.

Of the trace metals, Co is wery close to background . , whilst
Ni shows a maximum value of 492 ppm in a core from Dive 997. These
two elements are not thought to be supplied by submarine hydro-
thermal solutions but by biogenous and hydrogenous processes
(Goldberg, 1954; Sclater et al, 1976). Cu (659 ppm) is most
abundant in sediment from the top of a core from Dive 1001, i.e.
the known hydrothermal site, and is also high (456 ppm) in samples
from Dive 994, compared to the background value of 255 ppm. A core
from Dive 1001 contained 394 ppm Zn, which is below the assumed
background of 420 ppm, while cores from Dive 997 contained up to
512 ppm Zn. It is interesting to note that the hydrothermal
sulphide mounds were substantially richer in Cu than Zn, which

was quantitatively depleted, and that the pelagic sediment cores
tend to show a slight enrichment in Zn (with a maximum of 512 ppm)
rather than Cu (with a maximum of 456 ppm). The Zn/Cu ratio for
Dive 1001 sediment is 0.6 and this is similar to sediment from the
E.P.R., 20°S, with a ratio of approximately 0.5 (see Part 2 of

this work) whereas the normal pelagic sediment ratio for this

area is l.6.

The Cu enrichment seems to be restricted to the vicinity of the
hydrothermal sulphide mounds (Dive 1001), whilst Zn, which is low
in the sulphide mounds, seems to be more mobile and to have dis-
persed greater distances than Cu. Thus, Zn/Cu ratios may reflect
the effects of hydrothermal dispersion in seawater although it

must be borne in mind that both metals can be scavenged from a



TABLE 2.5.1.

SHORT CORE CARBONATE SEDIMENTS
{Raw Data.)

PERCENT e PPM = = — e e — ~ i) PrL P/sC
FE MN CA AL co NI cu ZN PB TI CACOZ  SIOy

DIvE10025TNI10-2CM 4.50 4.05 21.5D 1.23 12 133 77 129 ND 1225 51.6 12.49
D! .i 10028 TN110~-14CYL 27.88 0.21 5.60 0.25 ND 18 28 g7 ND ND 11.0  14.87
Div! 10028TN112-14CMS  6.99 1.10 20.50 1.31 15 60 87 142 ND 1525 49.1 12.48
i IVE1D0DZSTN20-2CM 30.23 1.31 2.05 D.D5 7 15 8 34 ND ND ND 15.95
L1vi10025WN218-20CM 7.05 0.23  22.00 1.27 10 410 73 125 ND 1375 53,1 12.26
Nl v INSS4:110-12CM 1.47 0.60 - 27.50 1.43 15 60 109 75 ND 1225 67.1 13,11
AL v INTY4=125-270CM 1.29 D.BB 2B.50 1.27 9 79 140 89 ND 1025 69.5 11.82
NL YV INSQ4=24-6CH 1.50 1.11 26.00 1.74 13 106 84 87 ND 1625 63.2 15.77

fil VING84=218-21CM 1.39  0.10 26.00 1.62 10 549 146 81 ND 1275 63.2 15.19
ALVINGY4=349-6CM 1.69 1.13 23.00 1.63 14 129 77 105 ND 1050 55.4 17.68

il v INS94=319~23CM 1.79 0.10 24.00 2.25 13 52 73 93 . ND 2075 58.2 19.76
nlvING95=14-6CHM 1.3 0.949° 24.50 1.7% 16 g3 86 113 ND 1200 59.3 16.01
ALVINGS5=24-6CM  1.89 2.10 21.25 2.15 17 178 g9 136 ND 1750 51.0 18.98
ALVING95=221-23CM  2.69 0.34 22.00 2.10 15 g5 70 119 NDO 3000 53.1 19.44
ALV INGS5=310-12CHM 1.37 0.08 28B.50 0.95 10 55 80 80 ND 1125 69.7 11.39
ALVINGS6=14-6CM 0.78 0.47 30.50 0.97 10 57 41 46 ND 700 | 74.6 10.27
ALVINGS7=15-7CM 1.68 2.67 18.75 2.43 15 278 152 251 ND 1275 44.7  20.57
ALVINGQ7=25-7CM  1.67 1.98 22.00 2.38 18 184 152 189 ND 1225 53.1 18.20
ALVINGS7=227-29CM 1 97 0.27 26.00 1.43 12 84 108 191 ND 850 63.2 13.14
ALVINS9B=14-6CM 1.07 0.97 27.75 1.29 13 104 65 73 ND 925 67.6 12.55

AL vIN99B8=24-6CM 1.13  0.94 29.00 1.18 12 89 69 63 ND 1125 70.9 11.54
AL vIN99B8=218-20CHM 1.20 0.07 28.00 1.14 ND 42 75 86 ND 850 70.9 12.83
ALV ING98=223-26CM 1.139 0.0 28.82 0.97 6 47 65 96 ND 825 70.4 12,17
ALVING99=13-5CM  0.71 0.28 32.50 0.72 a - 30 39 40 ND 800 79.7 7.32
ALVINS99=110-12CM  0.74 0.14 133.28 0.70 B 18 a8 29 ND 700 81.7 6.89
ALVINGQ9=37-9CM  3.72 1.21 20.00 3.10 24 135 102 1149 . ND 4525 48.0 22.67
ALVINGG9=411-13CM 3.23 0.50 21.7% 2.873 22 60 80 a8 ND 4100 52.3 20.65
ALVINIDD1=13-5CM  2.23 1.41 25.25 1.42 20 123 259 185 ND 1350 61.2 14.93

DETECTICN LIMIT.......... e 1 T e e 10

(ND=NDT DETECTED)

Sv
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hydrogenous source also (Goldberg and Arrhenius, 1958). Zn and
Cu enrichment are dealt with more thoroughly in the section om

regional sedimentation (see Section 2.6).

X-Ray diffraction studies showed quartz and plagiocclase to be
ubiquitous, in small amounts, throughout these sediments, with
occasional traces of pyroxene. In addition, Al contents of 3.1

to 5.87 and Ti values of 2260 to 8500 ppm imply that basaltic
detritus and clay minerals (Al-silicates) occur in all the ‘sediments
sampled from the 86°W area. SiO2 levels vary from 35.7%Z to 47.37.
Smear slide analysis showed that the sediments contained abundant
siliceous microfossils, as might be expected since the GRAFZI

area lies beneath the equatorial zone of high biclogical produc-

tivity.

It would be premature at this stage to pinpoint hydrothermal
sources other than the one found during Dive 1001. However, the
enrichment of Mn and Zn in sediments from Dives 995 and 997
indicates that a second hydrothermal source may occur in this

area around 85°22'W. In Sectiom 2.6 a study of the regional
sedimentation pattern is undertaken which examines this possibility

in more detail.

2,5 STATISTICAL ANALYSIS

To understand inter—element relationships from multi-element geo-—
chemical analysis, it is useful to undertake statistical analysis

of the raw data. Scatterplots and correlations as well as frequency
distribution histograms have been used to statistically analyse the
data (Table 2.5.1), at a 99% level of confidence. Log normal data
were used to remove negatively skewed populations. The necessity
for sub-division of the samples into the four groups described

above was reinforced when it was found that certain groups demon-

strated co-variance between certain elements whilst others did not.

In this section, the basic correlations for GRAFZI samples are
reported, with critical values for r {(correlation coefficient),

determined from Neave (1981),
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SCATTER PLOT Al vs Cu-—carbonates
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... FIG.2.5.10.

SCATTER PLOT Al vs Zn—-carbongtes
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Hydrothermal Sulphides
The sulphide data should be treated with extreme caution as there

are only 8 data points, However, it can be seen that Cu shows a
significant positive correlation with Ag at the 97.57 confidence
level (Figure 2.5.1). Hékinian et al. (1980) found the opposite
trend, in microprobe analyses of several Ag-rich grains, from
sulphides at 21°N on the E.P.R. Interpretation of this GRAFZI
trend is discussed in the light of electron wmicroprobe investi-

1

gations in Chapter 3.

R/V CONRAD Dredge Hauls

Treatment of a limited data set (n = 19) showed a negative corre-

lation of Fe and Mn (Figure 2.5.2). Positive correlations occur,

of Mn with Ni and to a lesser extent of Mn with Cu and Zn, Zn with
Ni, Cu with Ni and Cu with Zn (Figures 2.5.3-2,5.6). The scavenging
properties of Mn oxides with respect to Ni, Cu, Zn and other cations

noted by Goldberg and Arrhenius {1958) have already been mentioned.

Figure 2.5.3 is of particular interest because there is a large
scatter of points and two separate clusters in the data set, One
set show good linearity for Mn versus ¥i which is presumably of
hydrogenous origin, whilst the other set show a high Mn/low Ni
field typical of low trace metal hydrothermal Mn oxides (Croman,

1980) indicating a field of hydrothermal samples.

Short Sediment Cores

From a data set of 28 samples,several significant positive corre-
lations at 997 confidence were detected,especially that of Al and
the trace metals Co, Ni, Cu and Zn. The distribution of the data
was normal except for Ni which was log normal (Figures 2.5.7-2.5.10).
The maximum r value of 0,81 was observed for Al with Co. The
association of Al with Ti has been ascribed to an inorganic detrital
component of marine sediments (Bostrom, 1976). This inorganic
detrital component may comprise detritus from terrigenous or sub-
marine volcanogenic sources. Chester and Aston (1976) noted that

Al is primarily held in aluminosilicates (both feldspars and clay
minerals) while Ti can indicate a quantitative abundance of basaltic

debris. The scatterplot of Al versus Ti (Figufe 2.5.11) for the
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FIG..2‘.6.I. Station locations for the Galapagos Rift 860w area.
(S denotes sulphide locality of Dive 1001.)
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FIG.2.4.2. Core description of 131K.

DEPTH A '
cMs : B Dark yellowish brown
Pale olive
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U.5.G.S. Rock colour chart coding.
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whole GRAFZTI data set shows strong’positive correlation of these
elements (r = 0.85), but histograms indicate significant bimodal
distributions for both Al and Ti which may represent these two
different sources, i.e. volcanogenic and c1a§ mineral. This being
the case, it is not unreasonable to assume a basaltic and clay
mineral origin for a signficant amount of Co, Ni, Cu and Zn found
in GRAFZI pelagic sediments, The clay mineral content of the

sediments will be discussed in Section 2.6 (b).

2.6 REGIONAL SEDIMENTATION PATTERN OF THE 86°W AREA

2.6(a) Sample Description
The R/V "Sonne", on Leg 3 of the GEOMETEP (Gecthermal Metallogenesis

Eastern Pacific) cruise, recovered 15 kasten or box cores from the
86°W area from depths of 2683-3347 metres, along with 17 dredge
hauls. This study deals with a collection of 58 sediment samples
taken from these 15 widely distributed cores, in order to determine

regional geochemical variations in this area.

Figure 2.6.1 shows the co-ordinate positions of the GEOMETEP sedi-
ment cores and the sulphide locality of ALVIN Dive 1001 is also
labelled. The cores were up to 3.95 metres in length and generally
displayed a2 colour change from top to bottom, from dark yellowish
brown through grayish green to pale olive, according to standard
U.S.G.S. and Munsell colour coding systems (Figure 2.6.2). Volcanic
glass fragments were common especially in the lower portions of the
cores. Dredge haul 107, at 0°39.05'N and 85°50.47'W (see Figure
2.6.1), between 2633 and 2725 corrected metres water depth, produced
hydrothermally altered basalts and greenstones of the greenschist

facies (H. Bicker, pers. comm.).

On board grain-size distribution of the sediments,carried out by
sieving,showed as much as 86.57% present in the <63 p fractiom.
At the tops of the cores however, the <63/“(dﬁ%k”t)fraction was much
less and in some cases was absent altogether, where granular carbonate
was dominant., Generally, the grain size of the sediments decreased

downcore, as the green colouration became more pronounced.
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FIG.2.6.3. Distribution of Fe,Mn,Cu,2n in surface sed'imerits from the Galapagos Rift at 86°W.
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2.6(b) Bulk Geochemistry,

Thé 58 sédimenf-éamples-ranged in CaCO3 content from 397 to 817

and so fit into the foraminiferal marl (30-60% CaC0,) and chalk

(> 607 CaCOB) ooze categories of the classification of Olausson
(1960), as was the case for the ALVIN short cores collected from
this area. The other major component of pelagic sediments, SiOz,
varied from 34 to 537, on a carbomnate free basis. The mineralogy
of the SiOz-bearing phases is discussed in Section 2.6(T), but. most

 Si02 is present either in siliceous organisms or clay minerals,

On a carbonate free basis (Appendix C), Na and K constituted up

to 87 and 1.47 of the sediment respectively, but on average, levels
of 4-6% Na and 0,6-0,87ZK were more common. Na and K are generally
acknowledged as cations present partly as seawater salts in marine
sediments (GRAFZI sediments contained about 657 salt content) but
Na and K are also incorporated in authigenic minerals such as’
phillipsite (Glaccum et al., 1976) and basaltic detritus (Taylor,
1964) . Chester and Aston (1976) noted that the bulk of Na and X

in pelagic sediments is associated with clay minerals.

Figure 2.6.3 shows the distribution of Fe, Mn, Cu and Zn in surface
sediments or sediments taken from the upper oxidised layer when it
was not possible to sample surface sediment, in the 86°W area.
Figure 2.6.3 combines previously described ALVIN dive data with
new GEOMETEP core data (identified by a K after the core number),
Fe, Mn, Cu and Zn have been treataed together as all 4 elements are
known to have a hydrothermal origin, though they can be supplied

from other sources.

As is shown in Figure 2.6,3, Mn shows a wider dispersion than Fe,
from known hydrothermal sites and this was also noted by Klinkhammer
et al,,(1977). Dredges 1 and 2 have been included on Figure 2.6.3
to show comparative hydrothermal Mn crust data., Mn values greater
than 3% can still be found 14 kms from the ridge axis (e.g. 140K,
Figure 2.6.3) and Mn reaches a maximum of 7.17 at the top of core

131K,located at 0%1'N and 85°56'W.

60



F1G.2.6.4. Element distribution/dispersion — perpendicular to the strike of the Galapagos Rift,

i Mn

Line of section. 7= ==F = Baokground

2400
2500 137K 131K
2600 -
2700
2800f

Vertical Exaggeration x6

SW. A Kms, NE,



Cu is most abundant in sediment at Dive site 100l; the hydro-
thermal sulphide lecality which is dominated by thalcopyrite;
where it reaches 659 ppm. Cu falls off to 200-300 ppm away from
the ridge axis, although Dive site 997 in the fracture zone and
cores 106K, 131K and 137K show values greater than 300 ppm. ZIn
tends to show as wide a dispersion as Mn, perpendicular to ridge
crest strike, with values greater than 400 ppm from cores 106K,
131K, 132K and 141K, at distances of up to 14 kms from hydro-
thermal site 100l (see Figure 2.6.4). The highest Zn concentration
(763 ppm) occurs at 25-50 cms depth in core 140K, Figure 2.6.4
shows that Mn and Zn are concentrated above-backgrOUnd values at
distances further removed from their hydrothermal source, than

are Fe and Cu, The Zn/Cu and Mn/Fe ratios away from the ridge
crest neovolcanic zone, termed zone 1 (Francheteau et al., 1981),
will be discussed in the context of hydrothermal element dispersion
and the seawater chemistry of these elements.

Element Dispersion

The recognition of dispersion haleoes around hydrothermal vents
(Smith and Cronan, 1975; Bignell et al,, 1976) has important
implications for marine mineral exploration and the location of
hydrothermal vents themselves where sulphides may be concentrated.
Figure 2.6.4 shows a profile (A-B) approximately perpendicular to
the strike of the ridge crest and the associated Fe, Mn, Cu, Zn

and Pb concentrations from 5 localities up to 14 Kms from hydro-
thermal Dive site 100l. Cu and Fe concentrations fall off markedly

over short distances from Dive 1001, relative to Zn and Mn. Back—-

ground values represent approximate averages of all surface sediments

taken from the 86°W area. Pb is very low in concentration but does
show a maximum in the sedimentrat about 8 kms from Dive 1001, Mn
is anomalous to a distance of about 12 kms from its presumed source,
although concentration decreases rapidly from about 7 to 9 kms.

Zn 1s still anocmalous at 14 kms from Dive 1001, although the trend
is variable. Whether Pb is added to the sediment by hydrogenous
processes or from a source at hydrothermal Dive site 1001 is not
clear from the data but Chapter 3 indicates the presence of Pb,
albeit in trace amounts of galena, deposited from hydrothermal

solutions at Dive _ite-1001,
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The overall level of Zn in the sediments is greater than Cu, at
86°W, while the opposite trend is found on the E.P,R. at 20°S
(this work; Part 2) where Zn/Cu ratios:equal about 0.5. An
examination of the Zn/Cu ratio may give a valuable indication
of the relative dispersion of these two hydrothermally supplied
elements., At the source, Dive 1001, Zn/Cu = 0.6,whereas Zn/Cu

= 2.1 at a distance of 14 kms,(core 141K at 0°36'N and 85°58'W.)
This increase in Zn/Cu with distance from the source is also
shown by the Mn/Fe ratio. From the mineralogy of the sulphide
mounds it was shown that the assemblage is dominated by chalco-
pyrite (CuFeSZ) and depleted in sphalerite (ZnS). It seems
therefore that most of the Cu supplied by hydrothermal solutions
is precipitated close to the source but that the same is not true
for Zn and that by contrast more Zn may be dispersed significant

distances from the hydrothermal source.

To invoke hydrothermal dispersion of Zn and more tenuously Fb,
from Dive site 1001, it becomes necessary to investigate the form
and stability of these two metals in seawater. On egress from the
oceanic crust, effluent hydrothermal solutions precipitate insolu-
able Fe, Cu, Zn and Pb sulphides (see Chapter 4) whilst excess
metals, or metals not incorporated into sulphide phases, are

dispersed into seawater, Of these metals, Zn is thermodynamically
2+
n

4

stable in solution in the following chemical species, ZnOH+, Z ,

Zn0030 (Mfurray and Brewer, 1977) with a residence time of 2 x 10
years {(Goldberg et al., 1971), provided the solubility product of
its least soluble phase, ZnCO3, is not exceeded., Normally, Zn is
present in seawater at 1 to 10 x 10'-6 g/litre whereas the solubility

product of ZnCO, is 28.8 x 10-6 g/litre (Murray and Brewer, 1977).

3
Goldschmidt (1937) noted that metals in seawater were concentrated
at lower levels than the solubility product, due to adsorption on
particulate matter. Similarly, Pb can exist in seawater as PbCO
2
Pb(CO3)2
(Goldberg et al., 1971},

. 3 >
, with a shorter residence time than Zn, of 4 x 102 years

It is unlikely that hydrothermal solutions would raise the concentra-
tion of Zn and Pb in seawater to such a level that their least

soluble compounds would precipitate. This being the case, adsorption
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represents a mechanism by which these elements can leave solution
and be incorporated in pelagic sediments. Hem (1977) noted Ehat
Cu in an experimental system is lowered in concentration by mild
chemical reduction involving ferric hydroxide—ferrous ion redox 7
processes, In the GRAFZI area, both Cu and Fe are restricted to
the vicinity of the hydrothermal mounds and the rapid oxidation

of Fe may account for the limited dispersion of Cu which is adsorbed
onto ferric hydroxides. Furthermore, the deposition of Mn oxides
such as Mn304 in oxygenated water is catalysed by coupling to
ferrous—ferric redox reactions (Hem, 1977). Once formed, these
may disproportionate giving Mn4+ oxides. This catalytical oxida=~
tion of Mn on ferric hydroxide particles continues upon dispersion
and becomes autocatalytic while ferric hydroxides and Mn oxides
immobilise dissolved species of Zn and Pb (Goldschmidt, 1937
Goldberg, 1954; Riley and Sinhaseni, 1958; Kinniburgh, 1973).

The above discussion represents a mechanism by which hydrothermally
derived Cu, Zn and Pb may be removed from solution by scavenging
and adsorption onto ferric hydroxides and more importantly for Zn
and Pb, Mn oxides. This is a thermodynamically stable sequence

of events and is more likely than the reworking of sphalerite and
galena from Dive 100l and incorporation in pelagic sediments by

bottom current activity.

The dispersion of Zn is perhaps more substantial than of Pb which is
present in very low concentration. To some extent, Zn reflects the
profile of Mn (Figure 2.6.4), with a decrease between 7 and 9 kms.
However, another possible explanation for the higher Zn/Cu at
distance from the vents at Dive site 1001, is that although hydro-
thermal solutions may supply Cu to the sediment locally, Zn is
regionally added to the sediment by organisms such as diatoms
(Martin and Knauver, 1973). The importance of Zn related to bio-
chemical cyeling was noted by Bruland et al., 1978 and Bruland, 1980.
Biogenic addition of Zn to GRAFZI sediments in the equatorial zone
of productivity may also explain why the Zn/€u ratio is higher than
that found at the E.P.R,, 20°S where biological supply of this

element decreases,
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FI1G.2.6.5. Distribution of Mg,Al,Ti,V in surface sediments from the Galapagos Rift at 86 W.
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FIG.2.8.6. Distribution of Co,Li in surface sediments from the Galapagos Rift at 86°W.
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Figure 2.6,5 shows the distribution of Mg, Al, Ti and V in
surface sediments. These elements are usually associated with
lithogenous material or volcanogenic basaltic detritus

(Hékinian et al., 1978) although clay minerals are also an
important source (see Clay Mineralogy; this section). Al and
Ti co-vary, with maximum abundances in areas of youngest oceanic
crust, both from the ridge crest and the fracture zome at
85°22'W. 1In these areas, Al exceeds 4%, while Ti exceeds

2500 ppm (Figure 2.6.5). Visual and X-Ray diffraction studies
suggest that these abundances might be due to shards of volcanic
glass of varying size, which .are very common in areas of thin

sediment c¢over near the volcanic extrusion zone, zome 1.

Mg is most abundant (greater than 27) in areas away from zone 1,
and especially around 86°05'W where hydrothermal nontronite has
been found (Corliss et al., 1978). However, although Mg is most
abundant here, 27 is still low when compared to values in Hess
Deep sadiments (see Chapter 6). V is highest (256 ppm) in core
106K surface sediment, but values up to 469 ppm can be found at
depth in core 114K from the Ecuador Rift (Figure 2.6.1), and up
to 424 ppm at depth in core 125K, Previous workers have ascribed
V in pelagic sediments to a lithogenous source (Bostrom, 1976;
Burton, 19663 Chester et al., 1970) while Goldberg and Arrhenius
(1958) noted volecanogenic, clay mineral and Fe oxide sites for
this element. Clay minerals and volcanogenic debris are likely

to provide most of the V, in the GRAFZI area.

Figure 2.6.6 shows the limited data available for Co and Li from
surface sediments at 86°W. Both of these elements are low in
concentration. Horder (1979) showed a volcanogenic origin for Li
in Indian Ocean sediments, present in clay mineral and basaltic
components,while Moorby and Cronan (1982) showed a hydrothermal
supply in the Galapagos Mounds Field. Data here show a maximum
surface concentration of 44 ppm for Li in core 132K, while it
reaches 69 ppm at depth in core 121K, from the Ecuador Rift, Co
is high in core 131K (45 ppm) and in sediment at’ Dive site 1001
(51 ppm), but is significantly higher in core 114K (81 ppm) from
the Ecuador Rift (see Figure 2.6.1), suggesting a hydrogenous
origin for Co (Goldberg and Arrhenius, 1958).



FIG.2.8.7. Distribution of Ni,Pb 1n surface sediments from the Galapagos Rift at 86°W.
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FIG.2.6.8. Scatter plot to show CaCO3 versus Water Depth.
[ o
(:Ei(:()3 (@)

35 45 55 65 75 85
2600 ’ ' : ; .

2700 o0

M

2800 ; R

N
8
?

4

:

“
a
Q
]
.

WATER DEPTH

3200+

3300

3400~



70

Ni and Pb distributions in surface sediments are shown in
Figure 2.6.7. -Maximum surface concentrations of Ni are 671 ppm
and of Pb are 40 ppm. Pb reaches a maximum value of 56 ppm

at depth in core 128K. These elements are also associated with
hydrogenous processes, as noted by Dymond (1981) for Ni in
Nazca Plate sediments. Pb may be supplied hydrothermally,

in small amounts, to GRAFZI sediments, as discussed above,as
well as from a hydrogenous source. Ni shows a maximum of 759
ppm in core 114K from the Ecuador Rift, which is far removed
froﬁ'any known hydrothermal site and it is likely that hydre-

genous processes dominate the sediment composition in this area.

The close association of Sr with CaCO3 is well known for foram-
iniferal material (Emiliani, 1955) where Sr isomorphically
substitutes for Ca in skeletal material and Sr is therefore
reported as raw data in Appendix C, as a carbonate correction
would not be valid. P is known to occur in biogenous apatite
“and in phosphatic fish debris ( Arrhenius et al., 1957; E1
Wakeel and Riley, 1961).

Cronan and Varmavas (1981) have shown that Sediment CaCO3 contents
can be controlled by slumping and dissolution which can be related
to water depths and bottom topography. These processes may be
important in the GRAFZI area and the depth of the lysocline is
discussed later. Sr at 1060 ppm (raw data) and P at 1700 ppm
(carbonate free data), represent maximum abundances  in 86°W area
sediments, from cores 137K and 140K, respectively. Core 114K
contains the highest amount of CaCO3 (81%) in sediments from the
region, with an associated high value of 1030 ppm for Sr. This
core also contains 2010 ppm P, and this may indicate a small '
apatite contribution to the sediment. La showsd no great variation

in sediments from the 86°W area, and has a level of 30-50 ppm.

Previous work has shown a clear relationship between CaCO3 abundance
in surface sediment and water depth (Berger et al., 1976). Below
3100 m a noticeable decrease occurs in CaCO3 content of the sedimentsﬁ
(see Figure 2.6.8 ). This observation is taken to represent the
pressure induced,increased dissolution of Ca’%, ai the depth of

the lysocline. Berger et al. (1976), suggested tuat the calcite
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compensation depth (C.C.D) occurs at 3600 metres in this area
which would agree well with the data given in Figure 2.6.8 if
extrapolated to zero CaCO3 values. The lysocline depth 1is
important in that trace metals are liberated from foraminifera
for possible incorporation in sediments below this depth (Martin,

1970; Riley and Chester, 1971).

Geochemical Variations with Depth

A single core, 131K, was studied in detail from 6 samples taken
down the 3 m core length. The aims were to identify differences
between the upper oxidised and lower reduced zones in terms of
element concentrations and their chemical speciation, and also to
identify inter-relations between the elements and to identify the
phases that contain them. Figures 2.6.9 (a) and (b) show the
downcore variations in core 131K on a carbonate free basis. The
sources of certain elements are well understood and it is hoped
to relate to these, the elements whose geochemistry is less well

known.

The upper 16 cms of dark yellowish brown foraminiferal marl ooze
represents the upper oxidised zonme of the sediment. Bonatti et al.
(1971) showed that this zone 1s generally between 8-15 cms thick

in the 86°W area. The profiles of the major components of the
pelagic sediment, i.e. SiO2 and CaC03, are fairly constant down

the core, but SiO2 increases gradually with depth perhaps due to
diagenetic reactions. There is a pronounced low for CaCO3 at a
moderate olive brown horizon (5Y 4/4) between 72-80 cms, where Fe

in particular is abundant. It has been shown that the gradual lower-
ing of redox potential with increasing depth in sediment is probably
due to the oxidation of organic matter as shown by decrease in
nitrogen with depth (Bonatti et al.,, 1971), 1In response to the
lowering of Eh due to the oxidation of organic matter in the
sediment, Mn concentrations are drastically lower below the upper-
most 16 cms of sediment, where Mn4+ is reduced to soluble Mn2+. In
the upper oxidised layer Mn values reach a maximum of 7.17. This
high level of Mn is thought to be supplied by hydrothermal processes
at 86°W (Malahoff et al., 1983) although diagenetic recycling may
have played a part in Mn enrichment at the core top (Lynn and

Bonatti, 1965). At depth, Mn rarely exceeds 0.6% and the profiles

of Co and Ni to some degree reflect that of Mn, suggesting a
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close association of these elements.

Fe shows a slight increase with depth although a pronounced peak
at 72-80 cms, where abundance is greater than 57, may reflect the
fixing of Fe3+ in the oxide phase. V and especially Cu show

similar profiles to that of Fe.

P and Sr have a close resemblance to the profile of CaCOB.‘ It

has already been suggested that Sr isomorphically substitutes for
Ca in CaCO3 and that Ca and P could occur in these sediments in
apatite, although none was detected by X.R.D. Since P values are
less than 1000 ppm it is unlikely that apatite would be present

in other than trace amounts., Al and Ti both increase downcore,

due to a greater component of basaltic detritus in the lowermost
sediment, Li tends to follow the trends of Al and Ti and also
shows a slight increase with depth. Mg is remarkably constant down
the core and suggests fixation of this element in phases which vary
little with depth. This i1s substantiated by relatively constant
SiO2 values as these two elements are commonly associlated with clay
minerals (see later). Pb may be related to the profiles of Mn and
Fe.

In summary, Sr and P vary with CaCO3 and represent biogenic zid
authigenic mineral (apatite) components in the sediment. Mn

is reduced to Mn2+ below the upper oxidised 16 cms of sediment and
the thermodynamically stable cations of the Mn4+ oxide structure

such as Co3+, Ni2+, Zn2+

and Pb&+ (Burns and Burns, 1977) must
accordingly enter solution in a reducing enviromment. This post-
depositional mobility of metals is therefore largely controlled
by redox reactions within the core, namely the reduction of Mna+
to Mn2+ and the dissolution of the Mn oxide phase at depths of

greater than 16 cms.

Fe and V have been found to be associated with the lithogenous
componenf of marine sediments (Chester and Messiha-Hanna, 1970)
and like Al and Ti, these elements decrease downcore. However, Fe
may have hydrothermal, hydrogenous and halmyrolytic sources also.

Li, Al and Ti all occur in mid-ocean ridge tholeiitic basalts
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Tabhle 2,.6.1. _Geochemistry and Mineralogy of <0.5p Fraction of BGOW Area Sediments
e e MAJOT Elements as Oxides in % Minor Elements in ppm
810, Al50 1 Feroly Mgo a0 Na 2() K20 Ti.Oz P205 MI102 Li ©Sr Ba v Cr
47.%  9.80 7.15 1.90 1,88 1.04 0.%4 0.44 0.80 0.30 26 720 680 73 29
47.5 HB.91 6.93 2.33 4.80 0.98 0.67 0.47 0.29 0.13 34 390 600 300 a5
58.8 8.64 4.67 1.51 0.86 1.44 0.55 0.28 0.25 0.19 31 158 1030 97 42
47.3 6.69 8.59 2.41 2.% 1.01 0.54 0.25 0.3 0.28 33 420 810 220 42
50.4 9.26 6.29 1.82 2.10 1.66 0.5 0.34 0.55 0.76 24 430 850 73 34
4.3 2.88 16.7 .48 0.51 1.87 0.34 0.08 0.09 0.22 29 200 176 185 .49
6.4 5.66 6.55 2.7 3.3 2,17 0.37 0.20 0.28 Q.41 32 540 1150 168 31
44,1 7.29 .40 2,29 4.77 1.07 0.%9 0.25 0.26 0.23 29 740 800 S1 3o
4.0 8.11 7.07 2.80 131.62 1.30 0.70 0.31 0.26 0.30 34 650 1000 193 i3
48.8 4.23 11.5 2.63 2.61 2,18 0.42 ©.14 0.29 0.31 25 380 167 147 43
e Minor Elements in ppm d(ool) aAir d4(00l)Gly- d{ool) 550°¢
My Co Ni Cu Ag Zn P *Mineralogy dried A - cerated
1.0 11 93 320 «¢«.0 380 37 S +C 12.7 18.0 10.2
2.7 28 L70 160 3.3 620 54 8 +cC 12.4-13.5 17.4 10.1
2.6 17 183 290 1.1 640 21 5S4+ C 13.2 17.7 9.9
1.6 3o 270 370 10.3 700 20 S +C 14.5 18.3 10.2
2.7 13 120 191 <1.0 570 g2 S +C 13.5 17.1 10.1
3.9 23 170 360 6.5 650 45 s 11.8 19.0 10.0
2.8 34 240 2130 3.3 600 20 S +C 13.9 18.0 9.9
2.5 24 210 210 4.7 530 17 5 +C 13.5 17.7 9.9
2.6 a6 200 163 3.2 630 19 5 + 14.3 17.7 9.9
4.4 19 178 370 5.4 590 50 7S 13.9 - -

Analyses expressed to 3 significant figures except for majors <1% and minor elements <100 ppm

* g =

swetite

C = chlorite (in order of abundance)

G
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(Taylor, 1964) and volcanic dgbris is likely to be a source for these
elements. Al, Fe, Mg and SiO2 are present in varying amounts in clay
minerals (see later). X-Ray diffraction studies did not reveal sulphides
in the reduced layer of the core although Fe2+ and Cu2+ may be fixed in
the sulphide phase in reduced sediments, due to their relatively immobile

nature (Bonatti et al., 1971).

2.6(¢). Mineralogy.

The chemical and physical techniques used to isolate the clay fraction of
the sediment are given in Appendix B. X-Ray diffraction mineralogical
studies were carried out on the bulk and <0.5 M splits and these were
both analysed for major and minor elements (see Appendix B). The bulk
chemical analyses have already been described. The chemical composition
and mineralogy of the 0.5 f* clay fraction of the sediment is shown in
Table 2.6.1.

Bulk Mineralogy

Twelve samples from 10 cores throughout the 86°W area were studied by
X-Ray diffractometry using Co and Fe ke« radiation. The abundance of
calcite and halite in the bulk samples completely masks the clay minerals.
Calcite, halite and quartz are ubiquitous in all the cores, as is plagio-
clase. These imply biogenic, sea-salt (hydrogenous) and lithogenic/

volcanogenic contributions to the sediment, respectively.

0.5 u elay fraction chemistry and mineralogy

The mineralogy of the <Q.5pM fraction, separated as a suspension after
centrifugation, is dominated by smectite with subordinate chlorite (Fig.
2.6.10). The basal spacing, d (001), of the smectite mineral ranges from
11.8 - 14.3 R, and tends to be broad and diffuse. The only other peak
which always appears is the non—basal spacing with hk indices of (02,11)
and this varies between 4.39 -4.47 £. This peak normally shows a steeper
limb on the low 28 sid&. Tests carried out which diagnostically ident- '
ified the mineral as belonging to the smectite group included basal
expansion with glycerol and heat treatment up to 550° (Table 2.6.1).
Glyceration expanded the d (001) peak to between 17.4 - 19.0 R. This

is in accordance with classical smectite behaviour under these conditions
(Brindley and Brown, 1980), as was the observed collapse of d (001) to
9.9 - 10.2 &, upon heating.

*'This grain size was chosen because it contained abundant smectite.



FIG.2.6.10. X.R.D. Clay Mineralogy of the <0.5[* fraction of Sediments from the Galapagos Rift,BGOH.

S=Smectite

C=Chlorite 5
1444 550°C

AIR DRIED

GLYCERATED

Ll



78

Chlorite 1s much less abundant than smectite and was only
unequivocally identified in some glycerated and all heat treated
specimens, where small peaks could be seen (Figure 2.6.10). Air
dried discs of the sample had chlorite péaks swamped by the much
more abundant smectite, It was observed that after heat treatment
the d (001) spacing for some chlorites was shifted slightly from
14.2 & to 13.7 R, although this varied from one sample to another,
Typical chlorite behaviour was shown as the 14,2 R-13.78 peak
intensity increased at 550°C while the air=-dried definitive 7.1 &
peak disappeared., Identification of an Fe or Mg chlorite is not
possible on the basis of the data accumulated but it is generally
observed that the (001) peak {Intensity = 20%) for am Fe-rich
chlorite is more enhanced than the equivalent (00l) peak (Intensity
= 70%) for an Mg chlorite, after heat treatment. This is most
easily explained by consideration of an (001)/(002) ratio for an
Fe chlorite which is increased considerably more than in an Mg
chlorite, on heating to 550°C., Chemical analyses do not resolve
this problem as chlorite is present in only small amounts and the

bullk chemistry largely reflects smectite composition (Table 2.6.1).

To understand the chemistry and nature of the smectite mineral
present in the sediments it is necessary to state a few basic points.
Montmorillonite is a dioctahedral Al, Mg smectite with layer charge
arising from Mg for Al substitution in octahedral positions and

has the formula:-
+ ,
M g nHZO)(AIZ—yng)Sl4010(0H)2
(Brindley and Brown, 1980)

Nontronite is also a dioctahedral smectite with layer charge princi-
pally derived from Al for Si substitution in tetrahedral sheets, with

the formula:-
+ 3+, ..
{M . nHZO)Fe2 (Slk-xAlx)olo(OH)Z

{(Brindley and Brown, 1980)

3+ 3+

Substitutions of SiA+ by Al in the tetrahedral position, and Al

+ ., . .
or F63+ by Mg2+ or Fe2 in the octahedral position, yield a net .

. . . . . +
negative chargevhich is balanced by inter-layer cations such as Na ,

Ca2+ or Mg2+.
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Often it is difficult to distinguish nontroniﬁe from montmorillonite
by X-Ray Diffraction studies, but the nontronites described earlier
(Table 2.3.3, Section 2.3) show important chemical differences to
those clay minerals shown in Table 2.6.1., The nontronites have
considerably more Fe203 {up to 36%) and much less A1203 (up to
1.67) than the £0.5 p fraction smectite, MgO and SiO2 levels are
approximately the same but Ca0 and TiO2 are both higher in the

{0.5 p fraction smectites. Considering the above differences it

is reasonable to assume that the 10 samples in Table 1.5.1 are

not pure nontronites. Comparison of these samples with smectite
from the DOMES area, which is an Fe-rich montmorillonite (Hein et
al., 1979), containing 45.67% SiOz, 14.17 A1203, 9.27 Fe,0, and

3.17%7 MgO, shows that they are similar chemically, Therefore, it

is reasonable to term the £0.5 y fraction of Galapagos Rift, 86°W

sediments as predominantly an Fe—rich montmorillonite.

Table 2.6.1 shows chemical analyses for 22 elements determined on
the above samples. 131K (72-80 cms)- shows relatively higher Fe,0,
(16.7%) and lower A1,0,
morillonites, and sample 141K (50-75 cms) also shows this but to a

(2.9%) compared to the other Fe-rich mount-

lesser extent. These samples may be of more nontonitic character.

0f the trace elements, Ba, Sr, Zn and Cu are the most abundant.

Li, Cr, Mo, Co, Ag and Pb do not exceed 100 ppm and are often present
at much lower concentrations. Of particular interest is the maximum
Ag value of 10 ppm in GRAFZI montmorillonites, which seems high when
compared with the nontronites of the Galapagos Mounds Field (1 ppm Ag
or less=Moorby, pers. comm.) possibly due to scavenging and adsorp-
tion from seawater (Krauskopf, 1956) to a greater extent, by the
GRAFZI montmorillonites. The trace metals are probably present as
interlayer cations balancing the layer charges induced by substitutions

such as A13+ for Si4+.

2.6{(d) Statistical Analysis — Additional Elements

Statistical analysis of the major elements has already been carried
out in Section 2.5, Section 2.6(b) dealt with downcore profile
associations for some additional trace elements., This section reports

statistical evidence for trends on hitherte little studied elememts.



0
TABLE 4.6.2. Correlation Matrix for Galapagos ‘Rift sediments,B6 W.
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At the 99.9%7 confidence limit, the correlation coefficient (r)

is significant at values greater than 0,41 (Neave, 1981). Table
2.6.2 shows a correlation matrix significant at the 99.97 con-
fidence limit. o
Na correlates positively with K, Mg, Fe, 5102, Cu, Zn and Pb and
K with Mg, Al, Fe, SiOz, Li, V, Cu, Zn, Pb and P. The association
of these two elements with sea-salts is well known, but correlations
of K with Si02, Li and V also tend to suggest a significané silicate
source of this element, either in the lithogenous/volcanogenic
fraction or with authigenic/diagenetic clay minerals (Section 2.6(¢)).

Mg shows positive correlation with.Fe, Si0,, V, Cu, Zn and Pb and has

2’
been found by chemical analysis along with these elements in the
Galapagos Rift montmorillonites (this Section).

Al correlates significantly with S$i0,, Li, Ti, V, Co, Pb and P. Ti

97
correlates positively only with Al, La and V and is a sensitive
indicator of a volcanogenic compeonent of the sediment. Mn corre-
lates with Co, Ni and P and is presumably in the hydrogenous fraction
of the sediment while Fe correlates with Sioz, V, Cu, Zn and Pb

and seems to be present in clay mineral and volcanogenic components.
The lack of correlation between Fe and Ti may suggest that Fe and

its associated elements are largely contributed from the clay minerals

rather than basaltic detritus.

The normal procedure of reporting sediments on a carbonate free basis
is given further support by the lack of correlation of elements other
than Sr with CaCOB,which is thus shown to be a relatively pure diluent
phase of the sediment. La correlates positively with Ti and P and
along with the other rare earths, has been shown to have a sea-

water origin (Elderfield and Greaves, 1982).

Relatively little is known concerning the marine geochemistry of Li
and V, but they seem intimately bound up with silicate phases accord-
ing to the correlation matrix (Table 2.6,2), Li is associated with

K, AL, SiOz, V,while V is associated with K, Mg, Al, Fe, SiOz, Li,
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Ti and Pb., The £0.5 p clay fraction chemical analyses (Table
2.6.1) show Li and V abundance in the montmorillonite. The levels
found are compatible with the suggestion that these elements may
have been derived from weathering of volcanic deEris, although Li
wag enriched by a factor of 3 in the clay fraction compared to

oceanic basalts in which Li averages 10 ppm (Taylor, 1964).

Multiple regression:on V using 8 variables or predictors, i.e. 8
elements which are positively correlated with V, as above, .yielded

a value of r2 (coefficient of determination) of 827. The correlation
coefficient, r, of 0.91, shows that V is almost totally governed

by the chemistry of K, Mg, Al, Fe, Si0O,, Li, Ti.and Pb. This

2’
suggests that the major site for V is in lithogenous material, as
noted by Chester and Aston . (1976}, with the major amount in clay

minerals and lesser amounts in basaltic detritus.

Figure 2.6.11(a) shows the strong association of Li with both Al
and Si0, while Figure 2.6,11(b) shows the distribution of the data
for Li, Al and SiOz. Li shows a bimodal shape to some extent and
Al and SiOz, slightly positive skews, For statistical purposes
these were assumed to represent normal distributions and logging
the data made little difference to the values of r or the shape of
the scatterplots, V is intimately associated with Fe and Si02
(Figure 2.6.12(a)) although there is some scatter and the distri-

bution .of data in Figure 2.6.1L(b) is again fairly normal.

In summary, the element correlations and inter-relations seen in
. . o
sediments from the Galapagos Rift area at 86 W show that the elements

studied are present in the following phases:

1. BIOGENOUS PHASE ' .

CaC0,, $i0,, Sr, P

2. HYDROTHERMAL PHASE
Fe, Mn, Cu, Zn, ?Pb

3., HYDROGENOUS PHASE
Na, K, Mg, Mn, La, Co, Ei, P




TABLE 2.7.1.

X-RAY DIFFRACTION MINERALOGY

Sample Batch

Dominant Minerals

Subsidiary Minerals

SULPHIDES

PYRITE, CHALCOIYRITE,
(SILICA - cf microscope
work) -

SPHALERITE, COVELLITE,
CHALCANTHITE,
GOETHITE, MARCASITE

MOUND OXIDE FACIES

GOETHITE (GOSSAN)

? ILLITE/MONTMORILLONITE,
CALCITE, BIRNESSITE

DREDGED MANGANESE CRUSTS

TODOROKI'TE, BIRNESSITE and
ubiquitous NONTRONITIC
SMECTITE (sgrong peak at
4.54 - 4.56p)

CALCITE, QUARTZ

SHORT CORE CARBCNATES

CAICITE

HALITE, QUARTZ, PLAGIQCLASE,
AMPHIBOLE
Amorphous IRON OXIDE
SMECTITE.

Samples irradiated with Cobalt Ka radiation,

and Iron Kn radiation when sangples

were high in manganese - this eliminated fluorescence effects.

8
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4, VOLCANOGENOUS PHASE
K, Mg, Al, Fe, Si0

,» Li, Ti, V, Co, Ni, Cu, Zn

5. CLAY MINERAL PHASE .
Na, Es P_'IB_, é_];s Mn, _F_e’ §i0,, _I_‘i_-_s'ls p, Cr, Ba, 923 .(-:E’ Zn, Ag

Where an element is present in more than one phase, the major source

of the element is underlined.

2.7 SUMMARY AND CONCLUSIONS

The data presented from the study-of hydrothermal and associated
sediments in the GRAFZI, Galapagos Rift, 86°W area can be summarised

as follows:—

1. A hydrothermal sulphide deposit, enriched in Fe and Cu and
considerably depleted in Zn, compared to similar deposits om the
E.P.R., 21°Y (Hékinian et al., 1980), was found associated with
faulting at the rift valley margin, in a water depth of around

2850 metres, located at approximately OOAS'N, 85°50'W.

2. The double rift system at 85°50'W,with an associated inter-

mediate topographic high, is mineralised along the southern margin
of the northern rift valley. This margin is faulted with a throw
of 40 metres and has a line of coalesced sulphide chimmeys, 2 to 3
metres in height, along its base,which are flanked by hydrothermal

iron oxide deposits.

3. Mineralogically, the sulphides are simple in nature and consist
of primary chalcopyrite, pyrite and subsidiary sphalerite and their
alteration products, eventually leading to the formation of iron

oxide (goethite) gossan.

4, The GRAFZI area at 86°W, produced a suite of hydrothermal
products and pelagic sediments (summarised in Table 2.7.1) which,
for the first time since the discovery of the Red Sea deposits,
displayed in one area the'fﬁll sequence of minerals produced by
fractionation of hydrothermal solutions, However, the spatial and
terrs.al relations of these minerals are not as clear as those

found in the;Red Sea.
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5. A dredge haul in a water depth of 2500 metres at 0057'N,
85°29'W on.a seamount yielded manganese crusts and adhering
nontronite of hydrothermal origin. These samples recovered

28 kms north of the Galapagos Rift spreading axis were similar
to those described by Corliss et al, (1978) which were found

in hydrothermal mounds at about 0°35'N, 86°10'W, and about 20
kms south of the spreading axis. The manganese crusts showed
a rather high Fe content for hydrothermal Mn oxides. This
represents a further discovery,subsequent Lo that of Burnett
and Piper (1977),of ferromanganese oxides intermediate between
hydrothermal Fe and Mn end-members and indicates the incomplete.

fractionation of Mn from Fe.

6. Analysis of geographical variations in uppermost oxidised
layer sediments from the 86°W area showed anomalous concentrations
of Fe, Mn, Cu, Zn and to a lesser extent Pb, Mn ana Zn in parti-
cular were found dispersed up to 14 kms from a source at Dive site
1001, which has important implications for marine and land-based
mineral exploration. Zn/Cu ratios may be useful in locating
hydrothermal sulphide orebodies. These ratios increase away from

the source.

7. Foraminiferal marl and chalk ocozes predominate in the Galapagos
Rift, 86°W area. Clay minerals provide the major amounts of K, Mg,

Al, Fe, Si0,, Li, V, Co, Cu and Ag to the bulk sediment compositiomn.

2!
8. The volcancgenic fraction of GRAFZI pelagic sediments decreased
away from the neovolcanic zone, zone 1, where little sediment cover

was found and hence, admixed basaltic basement material was abundant.

9. Data presented possibly indicate that a second hydrothermal site
may exist at the fracture zone/Galapagos Rift intersection, at 85°22'w,
This was inferred from the presence of Zn and Cu enrichment in sedi-

ments and from the presence of hydrothermal Mn oxide crusts.
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CHAPTER 3

REFLECTED LIGHT MICROSCOPE, ELECTRON
MICROPROBE AND STABLE ISOTOPE STUDIES

: 3.1 INTRODUCTION

In order to elucidate the origin and mechanism of formation of, the

GRAFZI hydrothermal sulphide mounds at 86°W, detailed mineralogy,

fine scale electron microprobe chemistry and stable isotope studies
were carried out on samples collected. Of special interest was the
mineral paragenesis and the low abundance of Zn in the GRAFZI deposits
compared to those at 21°N on the East Pacific Rise, which was discussed
in Chapter 2. Stable isotope studies were carried out to compare
GRAFZI and 21°N sulphide deposits, and also to find the temperature

of formation of sulphide minerals which make up the presently inactive

hydrothermal mounds.
Data presented here lead to the synthesis of a model for the formatiom
of a polymetallic sulphide deposit at a modern mid-oceanic spreading

centre (Chapter 4).

3.2 REFLECTED LIGHT MICROSCOPY

Mineral identification was achieved by reflected light microscopy on
polished thin sections and polished mounts, carried out at the University
of Durham in 1981.

Textural Relationships

The hydrothermal sulphide mounds consist of primary chalcopyrite

(CuFéSz), pyrite (FeSz), sphalerite (ZnS) and amorphous silica (SiOz)
with secondary covellite (CuS), chalcanthite (CuSOa.BHZO), marcasite
(FeSz) and goethite (°<Fe.0H), see Chapter 2. The polished sections
are prone to blue disccoloration over a very short period of time and
this suggests that the mineral assemblage is unstable in its present

environment, undergoing rapid alteratien to chaleanthite.
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PLATE 3.2.1. Cavity infilled with amorphous silica and surrounded by
primary sulphides.

with an unusual triangular,brecciated habit.
- ‘o " 1

PLATE 3.2.2. Chalcopyrite grains




92

PLATE 3.2.3. Rapid decrease in grain size of chalcopyrite towards the
chilled margin of the veinlel.

PLATE 3.2.4. Covellite (blue) forming [rom chalcopyrite(yellow).

Sy p—————
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The aim of the reflected light microscope work is to understand the
sequence of precipitation or paragenesis thét produced the hydrothermal
sulphide mounds and to find a genetically linked mineral pair to carry
out sulphur isotope geothermometry. Due to mineralogical differencess

the mound top and mound middle samples are dealt with separately.

Mownd Top.

A typical sulphide and amorphous silica relationship within different
areas of the same mound top sample. is shown in Plate 3.2.1. Pores
are common and a chalcopyrite rim to the siliceous area may represent
ingrowth of this mineral from the walls of a cavity, later filled

with amorphous silica.

Generally, the top of the mound produced samples richest in chalcopyrite’
as stated in Chapter 2. Chalcopyrite grains could be found up to 3 mm
in size gssociated with smaller pyrite euhedra, as will be discussed

in Section 3.4(b). A veinlet area especially rich in large chalcopyrite
grains was chosen for more detailed study. Plates 3.2.2 and 3.2.3

show parts of this area in which chalcopyrite displays an unusual
triangular '"brecciated" habit, with some pyrite euhedra teo be found
interstitially. Most chalcopyrite outside the veinlet occurs within

the gangue as anhedral masses up to 0.5 mm across, although the more
common size is 250. Chalcopyrite,which is extensively altered to
covellite, is occasionally intergrownm with sphalerite and enclosed
within this mineral. However, sphalerite was not found enclosed in
chalcopyrite, as also found in E.P.R. 21°N sulphides (Qudin, 1981).
Minor inclusioms of chalcopyrite (2 - 10AM) occur within pyrite,
indicating the close paragenetic link of these two minerals. The

reverse case of pyrite euhedra within chalcopyrite is alsoc found.

Chalcopyrite tarnishes easily to a more brassy yellow colour and is
found in triangular shaped grains within the veinlet, whereas it is
normally found in ore deposits as roughly equidimensional grains or
in the presence of other ore minerals, as a filling of wedge-shaped

spaces due to its allotriomorphic nature (Ramdohr, 1980). This unusual -



PLATE 3.2.5. Goethite (g) replacing a large chalcopyrite grain.

PLATE 3.2.6. Bladed marcasite (m) grains enclosing chalcopyrite (c).

94
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phenomena of "brecciated" grain habit may be explained by mechanical
deformation of chalcopyrite grains which grew inwards from the walls
of the veinlet. High velocity hydro—thermal solutions which were
chilled against the conduit margins and precipitated chalcopyrite,
with a rapid decrease in grain size towards the chilled margin (see
Plate 3.2.3), could dislodge and exploit weaknesses within the crystal
structure of chalcopyrite. This may have been responsible for produc-—
ing the observed grain habit. Zoning and internal structures are not
found within chalcopyrite grains. High temperature CuFeS2 normally
takes ZnS into solid solution, which is later exsolved at lower
temperatures (Ramdohr, 1980). The lack of exsolution observed here
may indicate the presence of Zn in solid solution with Cu in chalco~
pyrite, as at 21°Y (Oudin, 1983). A detailed knowledge of the para-
genesls and temperatures of sulphide precipitation may aid in this

regard (see Section 3.4(b)).

Study of the alteration products of chalcopyrite has yielded many
commercial benefits to the modern exploration geochemist. The mobili-
sation of Cu and the relative loss of Fe, yvields a sequence of 3Secondary
sulphide and sulphate minerals richer in Cu than the protore or hypogene
minerals, and often concentrated in a zone of supergene enrichment found
below the water table, on land. In GRAFZI sulphides, the supergene zomne
can be recognised by the presence of covellite (CuS) and chalcanthite
(CuSOA.SHZO). Plate 3.2.4 shows the formation of covellite at the
expense of a chalcopyrite subhedral grain, under high magnification.

In the E.P.R., 2i°N sulphide deposits, similar processes were observed
(Hékinian et al., 1980) and the presence of goethite (Plate 3.2.5)
etching chalcopyrite in the GRAFZI deposits, shows the relative instab-—
ility of the latter mineral, as was also noted in mineralised meta-
basalts from the Mid Atlantic Ridge (Bonatti et al., 1976). A goethite
(limonite) oxidised zone of a few millimetres in thickness is commonly
found sheathing fresh primary sulphide material, and this represents

the gossan or barren zone.

Marcasite is texturally less closely linked to chalcopyrite than

covellite, chalcanthite and goethite and always f£ills the interstices
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between pyrite and chalcopyrite primary sulphides. Marcasite is

certainly a late stage mineral which may be secondary in origin.

Chalcopyrite found in the amorphous silica matrix is extensively altered
to covellite with small chalcopyrite crystals (up to 20M) totally
pseudomorphed by covellite, and larger chalcopyrite grains having
covellite rims up to 10Mwide. Very fine grained covellite of less

than 1Mis scattered throughout the silica matrix. Covellite gnd

rare blaubleibender covellite replaces chalcopyrite and sphalerite

along cleavage and grain edges producing pseudomorphs up to 100/

after chalcopyrite and 20 x 1 laths after sphalerite. Goethite is
often found in spherulitic form, especially at the exposed surfaces

of the sulphide samples, in gossan areas, but replacement of colloform

pyrite within the samples also occurs.

Tentative identification of one grain (4 in size) of tetrahedrite, one
patch of haematite present in the gangue mass (200 in diameter) and
trace amounts of galena (up to 15/ in diameter) were made. Some Pb
was found in the sulphides by chemical analysis (Section 2.1), support-—

ing the presence of galena.

Marcasite (Plate 3.2.6) displays a whiter colour than its polymorph
pyrite, and shows strong anisotropy. Twinned bladed marcasite 10 - SOp~
wide but up to 100M in length is intergrown with both colloidal and
euhedral pyrite or it is found interbanded with them, as 100 x 20m
banded radiating marcasite rosettes. Characteristically, this mineral
encloses and overgrows euhedral pyrite and may replace it. Larger
aggregates of marcasite, 100 - 200/ in diameter, occur within the
gangue host rock, away from the main pyrite. Bands of marcasite
rhythmically interlayered with pyrite and silica may be due to pyrite
or ?pyrrhotite replacement (Uytembogaardt and Burke, 1971). Rarely,

it can be found as small 5 - 10 anhedral crystals in pyrite. Of
particular interest are the radiating marcasite aggregate features of
overgrowth and pressure twinning that cross—cut original grain boundaries.

Marcasite is extensively altered along crystallographic planes and
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PLATE 3.2.7. Cusp-like growths of amorphous silica enveloped by pyrite
projecting upwards from a linear filament.

PLATE 3.2.8. Colloform association of pyrite and amorphous silica.




importantly, no sphalerite or chalcopyrite inclusions were seen in
this mineral, although it may itself be replaced by silica, adding

support to its late stage formationm.

Nowhere in the samples studied was pyrrhotite found, altﬁough it is
well known that marcasite is commonly found és a replacement mineral
of pyrrhotite (Uytembogaardt and Burke, 1971). This suggests that
pyrrhotite, so common in_the.21°N "black smokers" (Spiess et al.,
1980), was either totally replaced by marcasite or was not formed.
Oudin (1983) has shown that unstable phases are either dissolved or

transformed, supporting pyrrhotite replacement.

Mownd Middle.

The minerals so far not described, i.e. pyrite, sphalerite and silica,

are most abundant in the mound middle rather than the mound top, where
chalcopyrite and its associated secondary minerals are most common.
Pyrite is found intimately associated with sphalerite and amorphous
silica, but in a different habit with each of these two minerals.
Pyrite commonly exhibits an idiomorphic nature in euhedral grains,
with many inclusions of sphalerite. However, the association of
pyrite with silica is shown by remarkably well-formed colloform band-
ing with rhythmically precipitated pyrite and silica. This indicates
that conditions in the hydrothermal solution were close to the con-
ditions for precipitation of these two minerals, perhaps triggered off
by slight changes in pressure or temperature. Plate 3.2.7 shows cusp—
like growths of silica enveloped by pyrite, both emanating from a

linear filament.

Colloidal pyrite encompasses a number of different pyrite types ranging
from a brown, poorly polished pyrite to a yellow rhythmically precipi-

tated pyrite. A number of fabrics are common, including:—

1. a half-moon texture (50 — 150p*in diameter) composed of small
2 - 4pindividuals;
2. irregular cauliflower-like or stromatoporoid-like masses of

7rhythmical pyrite and fine-grained quartz/amorphous silica
(40 - 400/ in diameter);

98
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3. irregular anhedral masses of poorly polished pyrite (up to 1003 .

Colloidal pyrite often acts as a nucleus to a radiating sequence of
alternating bands of euhedral pyrite, marcasite and fine silica, which
are about 10 - 20 thick and 30 - 100 long. Colloidal pyrite sometimes
has 5 - 30/ size euhedral pyrite growing out from the colloidal pyrite
surface, or small concentric or framboidal pyrite (5 - ZQrﬁ acts as a
core to the euhedral pyrite. Colloform pyrite and silica represent the
bulk of the samples from the mound middle (Plates 3.2.8 and 3.2.9).
This texture often appears to have grown out from thé walls of long
tubes/spines, growing into hollow centres. Colloform textures often
appear as open—-space fillings. The straight or slightly curved fila-
ments are thought to be of an organic origin, and organic debris was
commont throughout the sulphides of the GRAFZI area, as relict infilled
worm burrows and shell fragments, as was noted at 21°N on the E.P.R.
(Békinian et al., 1980).

In the geological record, many examples can be found of sulphide
nucleation at organic sites. In the GRAFZI deposits, sulphide grains
appear to have stuck to organic material and shell fragments which
acted as a nucleus for precipitation alternately of pyrite and silica,
due to changing solution chemistry, in a fine grained colloidal gel.
Later solidification and diagenesis of the mounds is evident as pores
were filled and worm burrows were sealed by amorphous silica and
secondary minerals. The position of the colloform pyrite/silica
banding in the paragenesis is difficult to ascertain but it may repre-
sent a "quench™ texture as the hot hydrothermal solutions were

rapidly chilled on egress from oceanic crust. Solidification of the
colloidal gel produced by this "quenching" may have yielded the textures
seen. Further growth intoc cavities both late in the sequence and
diagenetically, have produced a tightly bound internal structure to

the sulphide mounds, which may have made oxidation very difficult below

the top few millimetres of gossanised surface.

The sulphide mounds may be more resistant to oxidation than previously
realised. Ophiolite sulphide deposits such as those of the Troodos

Comple.. (Adamides, 1979) were either resistant to total gossanisation
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3.2.9. Buhedral pyrite above pyrite associated with curved
filaments of a possible organic origin.

PLATE 3.2.10.Corroded chalcopyrite grain (c) etched with amorphous
silica (s) and surrounded by pyrite (p).
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or were buried soon after formation, by extrusive volcanism. TIn

the light of evidence produced by sectioning, after which the GRAFZI
sulphidés alter to secondary minerals within déys, it is thought that
although burial by lava flows may be rapid in geological terms, sulphide
preservation is ultimately dependant on compaction and the internal

sealing of conduits by diagenesis, thereby decreasing mound permeability.

Plate 3.2.9 shows the above colloform banding but areas of idiomorphic
pyrite euhedra can be seen scattered throughout the colloidal gel
matrix. These pyrite euhedra are thought to be high temperature
precipitates and may represent "fall-out" from the "black-smokers".

No pyritefor pyrrhotite replacement textures were seen (see above),

and isotopic evidence (Section 3.4(b)) confirms the primary high temp-
erature formation of this pyrite, as distinet from colloform pyrite/
silica banding formed later in the paragenesis, e.g. Plate 3.2.10 shows

silica and pyrite etching an earlier '"brecciated" chalcopyrite grain.
P g

High magnification of pyrite euhedra show the presence of sphalerite
which, although indicated by the chemical analysis, could not be con-
firmed by X-ray diffraction techniques. The dominant habit of this
generation of pyrite is pentagonal dodecahedral and crystal size
ranges from 10 - 50/ with a 10p wide enclosing silica skin (cockade
texture). This pyrite often overgrows colloidal pyrite and is inter-
grown with or enclosed within tabular twinned marcasite. Some
reflectance zoning (or zones lying parallel to crystal edges) can be
seen by trails of small gangue or sphalerite inclusions (1 - 5/ in size)
lying within the outer pyrite zomes. These sphalerite euhedra seem

to have precipitated at the same time as the outer zone of the pyrite
grains, after a change in temperature and chemistry of the solutiéns
since the pyrite mucleus was formed. However, 5 - 10/ rounded
irregular sphalerite inclusions and 2 - 10p chalcopyrite anhedral
grains could also be-found, the former mineral being observed in an
emulsoid or 'Caries texture' typical of replacement by dissolution

in later pyritiferous fluids. Dissolution of sulphide phases has also
been shown in the 21°N deposit (Oudin, 1981; Oudin, 1983).
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PLATE 3.2.11. Caries texture shown by sphalerite (s) in pyrite
euhedra (p).

PLATE 3.2.12. Outer growth zomes of sphalerite (s) within euhedral
pyrite (p).
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These two situations represent a paradox, i.e. contemporary-outer

grain pyrite/sphalerite precipitation and also sphalerite dissolution

due to instabiiity in the presence of later and hotter pyritiferous

solutions. It is necessary to appreciate the possibilities that

exist in order to arrive at a plausible mechanism which could account

for this phenomena. Sphalerite, from 2 - 25M1in size, can be seen

in two situations; the first, as euhedra growing coevally with pyrite

in its outer growth zonmes; secondly, as anhedral rounded grains that
radiate from the pyrite centres in an emulsoid-like 'Caries texture'

(see Plates 3.2.11 and 3.2.12), being essentially a dissolution

feature. An explanation which can be ruled out, is that exsolution

of ZnS (as sphalerite) which was miscible at high temperatures with

pyrite, became a discrete phase on cooling. Ramdohr (1980) noted that

exsolution of other phases in pyrite is practically unknown.

The most plausible explanation for the pyrite/sphalerite textures
relies on temperature as the most important controlling factor. On
the E.P.R., at 21°N, the hottest smokers, with temperatures exceeding
350°C have been seen depositing Fe-Cu sulphides whilst fluid inclusion
studies have shown that Zn-rich sulphides formed at about 300°¢C

(Le Bel and Oudin, 1982). At lower temperatures still, pyrite and
silica are intimately associated in the "white smokers' (Haymon and
Kastner, 1981). Therefore, firstly chalcopyrite/pyrite and then
pyrite/sphalerite may precipitate on the natural cooling of a hydro-—
thermal solution. However, if there was an increase in the temperature
of the solutions, this could result in a change in chemistry and
mineralogy produced in .the sulphide deposits. Earlier, lower
temperature, sphalerite1 would be unstable and susceptible to dis-
solution replacement by pyrite which would be stable in these new

hotter conditions.

_1Footnote: Oudin (1983) has shown that wurtzite is unstable and -
transforms to sphalerite which may account for the lack

of wurtzite in GRAFZI sulphides.



TABLE 3.2.1.

Sulphide Mineralogy of Inactlve Hlydrothermal Vents, 86°W - collected during DIVE 1001

Mineral Chemical Quantitative Positlon found Miscellaneous

Name Formula Abundance (when significant)

Chalcopyrite CuFeS, Major Common throughout but 7The most common mineral found, and often in "shark's tooth" triangular
most abundant at top grains particularly within veinlets. Often the chalcopyrite euhedra
of mound and in hydro- have etched and unstable rims coated with both silica and pyrite.
thermal veinlet Apparently of high temperature formation

Pyrite % FeS) Major Most common from the Pyrite occurs as 1) euvhedra inmixed with chalcopyrite, and as 2)scat-
middle of the mound tered euhedra and also colloform anhedral texture with silica in a

coclloidal gel, commonly assoclated and nucleating around organic
remains. At least two generations of pyrite precipitation.

Sphalerite ZnSs Minor Only seen optically Only found within the middle of the mound, displaying corroded
in the mound middle ‘Carles’® texture within pyrite euvhedra

Covellite 1+ CuS Minor Assoclated with A secondary mlineral with characteristic blue colouration in reflected
chalcopyrite light, and present in the oxidised rind areas, with formation due to

Chalcopyrite degradation
Marcasite % FeSy Minor Rims around pyrite Possibly a late stage formation in the mound after hydrothermal

Chalcanthitet

CuyS504.5H20 Minor

and chalcopyrite

Assoclated with chal-

copyrite and oxidised
rind

activity cessation. Diagenesls and compaction of the pore-ridden

mound probably resulted in marcaslte precipitation as coatings on
other grains

Likecovellite, thils mineral is also a secondary product of chalcopyrite
oxldation, and it can be seen to grow on the surfaces of week old
polished sections,with a characteristic blue colour

* Polymorphs of FeS; formula

+ Sulphide alteration product

149}
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F1G 3.2.1, HYDROTHERMAL MOUND PARAGENESIS .

IMARY MINERALS Hiah T . Ambient Bott%m Water

PRIMA 5. igh Temp. . - Temp. (2¥C)
(o) + 200 : .
. CHALCOPYRITE. 2>>400°C__388£30 © | o
< <> 30C
PYRITE. b : h
230dc COLLOFORM BANDING . DIAGENESIS
SPHALERITE, —— AND ¢ "QUENCHING". o AND. ORGANIC
X \ ' ACTIVITY

AMOKPHOUS  SILICA. ———
SECOMDARY MINERALS.
MARCASITE. ?
GOETHITE.
COVELLITE. _—
CHALCANTHITE. ——

<> COGENETIC PRECIPITATION OF PYRITE AND CHALCOPYRITE.

(Temperature data from this study;ARNOLD & SHEPPARD,1981;STYRT et al.,1981, - E.P.R, 2|0N_ )
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Isotopic evidence for the high temperature formation of a chalcopyrite/
pyrite mineral pair is discussed in Section 3.4(b). It is interesting
to note that intimately associated chalcopyrite/pyrite from the West
Shasta Cu-Zn District of California was formed at 340-365°C (Casey

and Taylor, 1982), where significantly, pyrite was found to pre- and

post-date chalcopyrite in the paragenesis, as seen in GRAFZI sulphides.

Whilst chalcopyrite seems to occupy a restricted position in the para-
genesis, pyrite seems to occupy much of the paragenetic sequence and

is found:-

. closely associated with chalcopyrite;
. with silica in a colloform texture;

as isolated pyrite euhedra from black smoker "fall-out";

s W oo R

. with marcasite, as minerals of a late stage and possible

diagenetic origin.

Paragenesis

Table 3.2.1 shows some of the more important observations from the
reflected light microscopy and reports where in the mound the samples
were taken. However, the microscope study should not be viewed in
isolation and’it should be remembered that chemically, the mound top
was richer in Fe-Cu sulphides than the middle, which was richer in Zn
and SiOz. Coupled with this, is the observation that a nearby hydro-
thermal Mn crust was found to have more than 2% Zn and that Zn was
widely dispersed into pelagic sediments of the GRAFZI area, compared
to Cu and Fe. This evidence provides a strong case that hydrothermal
solutions in the GRAFZI sulphide mounds either re-dissolved previously
precipitated Zn or simply dispersed it onto the ocean-floor, while Fe

and Cu sulphides formed at high prevailing temperatures, at the source.

Just as the microscope work should not be viewed without the chemistry
of the deposits, neither should the paragenesis (Figure 3.2.1) be
considered without the stable isotope constraints on temperature
(Section 3.4(b)). Possible reasons for the instability of ZnS and its
pyritisation due to the changing state of the hydrothermal solutionms,

are discussed in Chapter 4.
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The main paragenetic sequence of events observed in GRAFZI sulphides

(Figurg 3:2.1) is shown below:-

1.

Original sulphide mineral precipitation produced an assemblage of
pyrite—-sphalerite—amorphous silica, around the hydrothermal vent
and on basaltic crust, as interpreted from the mound middle samples.
Based on temperature data from analagous deposits on the E.P.R.,

at ZION, this occurred at around 300°C.

This was then followed by a phase of hydrothermal activity at
higher temperatures, producing an assemblage dominated by pyrite

and chalcopyrite, which capped the first—formed sulphides.

The onset of the higher temperature sulphide precipitation was
represented by the formation of euhedral pyrite inclusions enclosed

within chalcopyrite grains.

A period of extensive chalcopyrite precipitation then followed,
forming the upper parts of the mound, which occurred over a

restricted temperature range at about 3909C (see Section 3.4(b)).

Pyrite precipitation filled in the interstices between chalcopyrite
grains, with pyrite euhedra also distributed around the vent as
scattered "smoker fall-out". It is thought that the above pyrite
and chalcopyrite precipitation, i.e. events 3, 4 and 5, may have
formed within the upper crust or lower mound due to the large,

3 mm chalcopyrite grain size and the lack of any quench textures.

The effect of these higher temperature fluids on the mound-middle
(lower temperature) mineralogy, was to subject sphalerite to re-
solution, as shown by "'Caries" texture. Therefore, irregular,
corroded sphalerite grains, which formed originally at lower
temperatures (possible as wurtzite), were enveloped by higher
temperature pyrite grains, with the net loss of Zn from the mounds.
This 'flushing out’ of Zn produced regional enrichment of this
element in sediments throughout the GRAFZI area, due to extensive

dispersion. ...:



TABLE 3.3.1 Range and average element concentrations in chalcopyrite, pyrite, sphalerite, marcasite and Dive 1001 Fe-Mn Oxides

CHALCOPYRITE (n=10) PYRITE (n=12) SPHALERITE (n=3) MARCASITE(n=5} MIXED GRAINS(n=3) FE OXIDE(n=4) MN OXIDE(n=4)
Colloform{n=4)} Euhedral(n=8) a. b, c.
L7 Range Average| Range Average Range Average Range Average Range Average WeZ Range Average Range Average
g 0.00- 0.75 0.32 NR NR KR NR NR NR NR NR ND ND ND Naz0 4,27- 9.95 7.73 2.95= 5.53 4.285
1 0.00~ 0.28 ND NIt NR NR NR NR NR NR NR 0.26 ND 0.36 Mg0 0.50- 1,06 0.72 1.05- 1.89 1.58
i .00~ ©.15 0.09 0.11- 2,13 0. 63 0.05~ 0.17 0.10 0.05- 0.12 0.09 0.00- 0,30 0.18 0.18 ND | 14.9 Ala03 ND KD 0.00~ 0.19 0.07
33.3 -35.7 34,6 48.6 -55.3 33.0 51.9 -53.8 52.93 32.7 «33.2 1.0 52,8 =541 53.3 48.9 49.1 | 26.9 5i02 16.1 -19.5 17.6 0.18- 2.48 D
a 0.00- 0,10 ND NR NR NR NR NR NR NR NR 0.06 ND ND K20 0.32- 0,43 0.38 1,03- 1.15 1.08
e 29.5 -3l.1  30.3 43,4 ~47.5 45.8 44,4 -45.7 45.2 3.89- 4.72 4,33 | 45.1 -47,3 46.1 36.1 35.7 | 22.2 Ca0 0.91- 1.25 1.05 1.20- 2.38 1.80
o 8D ND 0.00- 0.12 ND 0.00- 0.11 ND 0.00- 0.20 ND ND ND NR ND ND Ti02 ND ND 0.00- 0.10 ND
Ni ¢.00- 0.16 ND KD ND 0.00- 0.12 ND ND ND ND ND NI} ND ND MnOz 0.00- 0.30 0.14 | 61.2 -72.5 60.7
Cu 32,9 -36.6 35.3 0.00~ 0.27 0.17 0.00- 0.65 0.21 0.18- 0.32 0.23 0.00- 0.84 0.39 0.28 0.18 ND Fep03 | 41,5 =-52.2 45.7 0.47- 7.43 2.68
in 0.00- 0.24 ND 0.00- 0,30 ND 0.00- 0.38 ND 62.9 -64.1 63.5 0.00- 0.29 ND 14.1 15.0( 0©.38 3 0.45- 0.97 0.71 0.00- 0.15 KD
As 0.12= 0.79  0.57 ND KD 0.10- 0.15 0.13 ND ND 0.00- 0,11 ND NR NR NR S 0.15~ 0,28 0.21 0.22- 0.24 0.23
Se 0.00- 0.19 0.11 0,00- 0.28 0.10 ND NB ND ND 0.00- 0.14 ND NR NR HNR Cu 0.00- 0.27 0.15 0.00- 0.20 KD
Ag 0.00- G.15 ND ND ND 0.00- 0.15 ND 0.00~ 0.29 0.12 ND ND ND ND ND Zn 0.00- 0,34 0.14 0.50~ 3.00 1.57
Cd ND ND ND ND 0.00- 0.23 ND 0.00- 0,15 ND ND ND NR NR NR As ND ND ND KD
Ba ND ND NR NR NR NR NR NR NR NR 0.15 ND ND Se ND ND ND KD
Ph 0.00- 0.35 ND ND ND ND ND ND XD ND ND ND ND WD
Toba) | 97.1-103.5 101.1 *95.7—103.3 100.0 97.1 -99.8 98.7 [101.1-102.1 101.7 98.3-101,7 100.4 |100.0 [100.1['64.9 *69.8 -79.6 76.5 |"73.5 -85.5 8l.¢

* Low totals probably duc to oxygen (not analysed) contained in amorphous SiO2 phase, or in hydrated ‘oxides of Fe and Mn

a, =
b, =
c, =

Not Detected

Pyrite + Sphalerite
Pyrite + Sphalerite

Pyrite + Silica

Nor Determined

2{0]1



7. Upon the waning of hydrothermal activity, or in the outer envelope
of the hydrothermal plume, a colloidal gel of pyrite and silica
formed. This is manifested by colloform banding and the altermating
rhythmic precipitation of pyrite and silica which seems to indicate

the closeness of these two minerals in the paragenetic sequence.

8. The lithification of the mound and the filling in of pore spaces, -
which were produced by organisms and hydrothermal conduits,
occurred during diagenesis, after extinction of hydrothermal
activity. A surficial limonitic, iron oxide gossan was formed
rapidly along with alteration products of the primary sulphides,

such as covellite, chalcanthite, marcasite and goethite.

3.3 ELECTRON MICROPROBE INVESTIGATIONS

3.3.1 Introduction

The electron microprobe {see Appendix B) was used to examine the fine-
scale chemistry of the GRAFZI sulphides and alsa to examine the ferro-
manganese oxide with high Zn and Cu contents from Dive 1001 (see
Chapter 2).

3.3.2 Chemistry of the Sulphides

The range and average element concentrations in the sulphide phases is
reported in Table 3.3.1. Values reported exceed 2o (see Counting
Statistics, Appendix B) for each element analysed and 2¢"was chosen as

the detection limit.

Chalcopyrite.
Ten spot analyses of large chalcopyrite grains from the mound top reveal

that this mineral is very poor in Al, Si, Ca, Co, Ni, Zn, Ag, Cd, Ba and
Pb. Bulk analyses of chalcopyrite grains (see Chapter 25 indicate a
maximum Ag concentration of 35 ppm, while the electron microprobe
indicates a maximum value of 0.15Z for onme grain, shown in Table 3.3.1.
The positive correlation of Cu and Ag, described in Section 2.5, which
is at variance with the E.P.R., 21°N microprobe data of Hékinian et al.,
(1980) is thought merely .to reflect the abundances of Ag-bearing chalco-
pyrite in the GRAFZI deposits, while at 21°N, the Ag is linked with a
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different mineral phase. The maximum microprobe value for Zm is
0.24Z and Zn may be present in limited solid solutiom with Cu or
as extremely fine inclusions or exsolutioﬁs of sphalerite in
chalcopyrite (Uytenbogaardt and Burke, 1971; Ramdohr, 1980),

although none were seen microscopically (see Section 3.2).

The chalcopyrite contains an average of 35.37 Cu, 30.3%7 Fe and

34.67 S, totalling 100.2%, and is therefore a relatively pure mineral
with the formula Cul;OZFel.OOSI.QS' This is close to the stoichio-
metric formula of CuFeSz, with 34.6Z Cu, 30.47 Fe and 35.0Z S. The
slight depletion in S for the chalcopyrite analysed may be due to
replacement of § by As and Se which average 0.577 and 0.117,respectively.

Comparison of GRAFZI chalcopyrite with the E.P.R. 21%% chalcopyrite
(Békinian et al., 1980) shows that the two are very similar in
composition, with regard to Cu, Fe, S and the low concentrations

of Zn, Ni and Ag. However, a chalcopyrite from 21°N described in
Oudin (1983) showed a higher Zn concentration, present in solid

solution with Cu.

Colloform and Euhedral Pyrite.
The chemistry of colloform and euhedral pyrite is broadly similar,

with the following differences. Colloform pyrite is more enriched

in Si and, to a much lesser extent, in Fe. This is undoubtedly linked
to the paragenetic sequence, where colloform banding of pyrite and
silica shows the close association of these two phases. Euhedral pyrite
is slightly richer than colloform pyrite inm Ni, Cu, Zn, As, Ag and Cd.
This alsoc seems to be due to the paragenetic sequence, where the

earlier formed (higher temperature) euhedral pyrite has taken into

its structure trace metals not available, or available in lesser
amounts, when colloform pyrite formed, at a later stage (lower

temperature).

The S/Se ratio can also be used as a geochemical tool in ore gemesis

studies (Fleischer, 1955; Sténton, 1972) where a ratio of less than



22,000 for pyrite indicates a hydrothermal exhalative origin, while
a ratio of around 100,000 indicates sedimentary pyrite, Although Se
‘was below the detection limit of around 0.07% for euhedral pyrite,
the S/Se ratio in colloform pyrite is about 530 which lends further

support to the hydrothermal origin of deposition.

Sphalerite.

Sphalerite euhedra within pyrite (see Section 3.2) contain, on average,
63.5% Zn, 33.07 S and 4.37 Fe, with minor amounts of $Si, Co, Cu, Ag and
Cd. Some of the Fe and all of the Cu may be contained in minute
inclusions. of chalcopyrite within the sphalerite. Ag values average
1200 ppm and of all the sulphides analysed, sphalerite appears to
contain the highest Ag values. Platy Ag—-bearing minerals occur in
sphalerite from the E.P.R., 21°8 sulphide deposit (Hékinian et al.,
1980). Cd often substitutes for Zn (Ramdohr, 1980) and this would
account for the Cd found in sphalerite (up to 0.157).

Marcastite.

On average, marcasite consists of 46.17 Fe and 53.3%7 S, with minor S5i,
Cu, Zn, As and Se. The composition of marcasite is similar to both
colloform and euhedral pyrite, although there is more Si in colloform
pyrite. Marcasite may have replaced original pyrrhotite or pyrite, as

has been shown by Uytenbogaardt and Burke (1971).

Mized Grains.

Three grains were analysed using 'scan' analysis rather than 'spot’
analysis and the results are shown in Table 3.3.1. The grains consisted
of mixed amounts of sphalerite, pyrite and silica. Therefore, the

analyses do not represent any one mineral.

3.3.3 Chemistry of Dive 1001 Fe and Mn Oxides

The aim of analysing Fe and Mn oxides from Dive 1001 is to determine the

origin of the Fe oxides; whether originally a sulphide which was
gossanised, or a primary hydrothermal Fe oxide; and to examine the

high trace metal (Zn and Cu) content of the oxides.
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The Fe oxide shown in Table 3.3.1 contains 45.7% Fe203 and relapively
high abundances of Cu (1500 ppm) and Zn (1400 ppm) as was also
reporﬁed for the bulk analyses, in Section 2.2. The range of SiO2

in the Fe oxides, is from 16.17 to 19.67, averaging 17.6Z. This
level of SiO2 ig similar to the levels found for.samples from the
hydrothermal ferromanganese oxide facies (see Table 2.2.1) which are
primary Fe okides and not degraded sulphides. The levels of SiO2
found associated with sulphide samples is generally higher but varies

considerably and reaches up to 86.67 (see Table 2.1.1).

The Dive 1001 Fe oxide values for Ca and Al are also similar to the
values of the hydrothermal Fe oxides, while the sulphides show lower
Ca and higher Al. Some Mn (up to 0.37% MnOZ) is contained in Dive 1001
Fe oxides. Mn would not be expected to be found in an Fe oxide formed
from an original sulphide (Hékinian et al., 1980), due to the low
abundances of Mn in these sulphides which is due to the dispersion

+ . .
of an in seawater, to more distal parts of the hydrothermal system.

Using the microscope on the electron microprobe, it was possible to
examine the structure of these Fe oxides and no sulphide minerals or

secondary alteration products were observed. Similarly, low abundances
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of § (see Table 3.3.1) give further evidence that this Fe oxide, despite -

the high Zn and Cu contents, is not a gossan. Furthermore, the ¥Mn

oxide which caps the Fe oxide is not likely to precipitate on a reducing
sulphide substrate due to the high redox potential needed to oxidise
an+ to Mn4+ (Krauskopf, 1957). This Mn oxide contains 66.77 Mn02
and up to 0.2% and 3.07 of Cu and Zn respectively. The association

of Zn with the Mn oxide phase, upon dispersion from a hydrothermal vent,

has already been mentiocned (see Section 2.6). .

In summary, the following lines of evidence confirm that Dive 100l Fe
oxides are primary hydrothermal precipitates and not degraded sulphides

(gossan).

(i) Si02, Ca, Al and Mn concentratiocons are analagous to those found
for the hydrothermal Fe oxide facies and different to those

found for hydrothermal sulphides. .
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PLATE 3.3.1. Backscattered electron map of colloform pyrite (light
areas) surrounded by amorphous silica (grey areas).
Magnification = x200 Field of view = 400/*

PLATE 3.3.2. X-ray image of sulphur.
Magnification = x200 Field of view = 400/»
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PLATE 3.3.3. X-ray image ol silicon.
Magnification = x200 Field of view = AOO/A
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PLATE 3.3.4. X-ray image of barium, present in baryte.
Magnification = x150 Field of view = 530,*

PLATE 3.3.5. X-ray image of sulphur. TImaging of sulphur is strong
for sulphide and less strong for sulphate.
Magnification = x150 Field of view 530

PLATE 3.3.6. X-ray image of iron, present in pyrite (lower right of
frame).
Magnification = x150 Field of view = 530M
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present in a grain of sphalerite

X-ray image of zinc,
enclosed by pyrite.

Magnification

PLATE 3.3.7.

67

Field of view

x1200

X-ray image of iron, present in pyrite.
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(ii) Mn could not precipitate on a reducing substrate, such as
sulphide material, due to the low redox potential of this
enviromment.

(i1i} No relict sulphide textures or secondary minerals are contained

in Dive 1001 Fe oxides.

The inference from the above evidence is that primary Fe and Mn oxides
of a hydrothermal origin may contain high concentrations of Cu and
especially Zn, if the rate of supply of these elements is substantial.
Zn is known to be flushed out of the hydrothermal mounds during the

latter stages of their growth (see Section 3.2).

3.3.4 X-Ray Imaging

To examine the distribution of elements between the different mineral
phases, the technique of X-ray imaging was used (see Appendix B). The
backscattered electron map shown in Plate 3.3.1 clearly delineates
areas of pyrite and amorphous silica, due to the different amounts of
backscattering related to element atomic numbers (see Appendix B},
within an area of colloform banding. The X-ray imaging of S (Plate
3.3.2) and of Si (Plate 3.3.3) highlights the two different mineral
phases and also shows that the organic filament which forms the nucleus
of pyrite precipitation is not of a siliceous nature. The original
material forming this filament may have been replaced and is now
represented by a void space or it may comsist of an element which was

not investigated by X-ray imaging.

Plates 3.3.4 to 3.3.6 show a fibrous Ba-rich mineral, identified as
baryte (BaSOa) on the basis of the lower amounts of S associated with
the sulphate phase (where S is diluted with O) than with the sulphide
phase, as shown in Plate 3.3.5, where S imaging is less dense in the
baryte. The sulphide mineral is rich in Fe (see Plate 3.3.6) and this,

coupled with the crystal habit, confirms the presence of pyrite.

It has already been noted that small sub-rounded sphalerite grains
(see Section 3.2) can be found enclosed by pyrite. Direct evidence
of this is shown in Plates 3.3.7 and 3.3.8, where a 30M sub-rounded

sphalerite grain is enclosed within pyrite.
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TABLE 3.4.1.
(a) Chemical Analyses for the calibration standards
% Fe |Mn | Al Co | Ni Cu Zn | Pb
Pyrite (Peru) 48.6 |61 |[210 | 49 | ¥D 39 29 | 20
Chalcopyrite (Zambia)] 23.2 | 35 30 | 81 | ND | 32.4 %810 | ND

(ppm. unless stated)(ND=Not Determined).

(b) GQuantitative chalcopyrite mineralogzy of the 2 component (pyrite! chalcopyrite) mixtures.

Sample Identification

P.H.R. x 100(%)

Maximum % Errox*

Mound Top Oxidised Surface

. Mound Middle Bulk

Mound Top Bulk

Mound Top Needles.

. Station 9 Sulphide.

Mound Middle Oxidised Surface
. Mid Mound Bulk

. Mound Top Needles

-

*

*

O -~ O BN =

76.6
41.2
95.2
97.3
50.3
36.3
16.9
97.9

% Chalcopyrite
53.0 L 5.5
22,6 £ 4.0
87.0 £ 3.0
92.2 ¥ 2,0
24.5 % 4.5
15.8 £ 3.0
6.0 £ 1.0
94.6 = 1.5

10.4
17.7
3.4
2.2
18.4
19.0
16.7
1.6

I+ 14+ 1+ 1+ 14+ 1+ 1+ I+

* Determined from the medium curve (esee Figure 3.4.1)

'+ Pyrite mineralogy = (100 % - Chalcopyrite)

8Ll
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3.4(a) QUANTITATIVE SULPHIDE MINERALOGY

Quantitative sulphide mineralogy was carried out by the use of

calibrated X-ray diffraction. This procedure was necessary to deter-—
mine the purity of the sulphide samples taken for isotopic analysis
and to find the amount of pyrite and chalcopyrite present in the
mixture, which is needed to calculate the yield of 502 evolved from
the samples (see Section 3.4(b)). Pyrite and chalcopyrite are
intimately asscciated in the paragenesis and for this reason it was
not possible to isolate the two pure minerals by direct sampling
methods. Rather, a series of 8 samples representing a range from
pyrite-rich to chalcopyrite samples were checked for their pyrite/

chalcopyrite content (Figure 3.4.1).

Figure 3.4.1 shows the calibration envelope obtained by repeated X-ray
diffraction analysis of different mixtures of two calibration standards;
one pure chalcopyrite (from Mufulira, Zambia) and one pure pyrite (from
Peru). The chemical analyses for these standards are reported in Table
3.4.1(a). These high purity pyrite and cﬁalcopyrite samples were mixed

in the following proportions:—

Calibration Standard Mixtures

1) 5% Pyrite + 95Z Chalcopyrite
2) 107 " +  90% "
3 207 " + 80% . "
4) 407 " + 607 "
3) 607 " + 407 "
6) goz " + 20% "

_The calibration envelope in Figure 3.4.1 represents the spread of results

from the above mixtures, which were run at least three times each.

The Peak Height Ratio

The Peak Height Ratio (P.H.R) of chalcopyrite/(chalcopyrite + pyrite)
x 100Z, was determined on the 3.038 chalcopyrite and 2.70% pyrite peaks.

This is convenient as they occur close together and require short -

periods of time when scanning with Co K= radiation (see Appendix B), at

1° (28) per minute. Peaks which are separa.cdity high values of 28,

are not useful for accurate calibrated X.R.D., as a reduction in peak



intensity occurs at high 28's.

Limits of Accuracy and Quality Control .

Eight sulphide-rich samples of chalcopyrite and pyrite were selected
for quantitative mineralogical (and sulphur isotope) studies and on
sampling it was hoped to separate them into dominantly mono-minerallic
mixtures. The results of replicate X.R.D. analyses for these 8 samples

are shown in Figure 3.4.1 and Table 3.4.1(b).

The concentration of one mineral in the sample (expressed by the P.H.R.)
influences the accuracy of the reading from the calibration envelope.
This is an inherent limitation of this technique and will be discussed
later. The worst accuracies occur from 40 - 807 P.H.R. (the widest
part of the envelope) and fortuitously the samples of most interest,

the ones richest in pyrite or chalcopyrite, lie outside this area, where
accuracy is better. For example, a sample with P.H.R. of 307 would
havé approximately 257 chalcopyrite, taken from the median curve of the
envelope, but with an uncertainty of 2 4.5%. 1In 7 error terms, this
represents * 187 error in the chalcopyrite value which is high. This
figure represents a maximum possible error and these are reported for
the eight samples in Table 3.4.1(b) at the appropriate 7Z chalcopyrite

concentrations.

Examination of Table 3.4.1(b) reveals that low percentages of chalco-
pyrite give large errors while high % chalcopyrite values, which are
of prime importance in the isotope study (see Section 3.4(b)), give

low % errors.

The inherent limitation of the above calibration envelope with regard
to accuracy has been dealt with but it is also important to appreciate

the precision or reproducibility of any one value, both as a function

of (1) machine variation and (2) as a function of the limitations of
smear slide preparation. This was examined by; (1) running the same
sample three times and (2) repeatedly running different smears of the

same sample. Results indicated that: : -



1. Machine varkation over three runs of the same sample gave a
precision of;approximately 2 0.5% for any one value.

2., Four different smears of the same samples gave P.H.R. values
of 78.9, 78.8, 73.2 and 75.2% with a mean of 76.6Z and a

precision of I 447,

From quantitative calibrated X.R.D., a total precision of approximately
+ . 4 . .

= 57 was found, indicating that the greatest source of error was the
calibration envelope for the two cbmponent, pyrite~chalcopyrite

mixtures.

Inherent Limitations of the Technique

1. Smear slide preparation by evaporation of ethanol may allow
different orientations and inhomogeneities to occur. Cavity
mounts would be more suitable in eliminating these deficiences,
as noted by Tatlock (1966), but this was not possible to implement
for this study, due to lack of material. Replicate sample analysis

was carried out to attain reproducible results.

2. Generally, the samples themselves gave more reproducible results
than the calibration standard mixtures and this may be due to
different grain sizes obtained in grinding the pure pyrite and pure
chalcopyrite standards. Amorphous sulphide dust coats the grains
if grinding is too fine, reducing peak heights, whilst orientation

effects occur if the grain size is too coarse (Tatlock, 1966).

Comparison of Mineralogy Deduced from Chemistry and X.R.D.

From the above it is apparent that the determination of the sulphide
mineralogy has an approximate error of I 107 for the eight samples,
although it is better for those at high chalcopyrite or pyrite
concentration, which are the most important with regard to isotope
work. To obtain the most reasonable results for the sulphide miner-
alogy, the quantitative calibrated X.R.D. mineralogy was compared with

that deduced from the chemistry. The assumptions that were made for

calculating the mineralogy from the chemistry, are as follows: -



TABLE 3.4.2.

COMPARISON OF QUANTITATIVE SULPHIDE MINERALOGY FROM CALIBRATED X.R.D. AND CHEMISTRY

¥BULK CHEMISTRY

CHEMICAL "(%) SuM OF | °CALIBRATED X.R.D. | (%) SuM OF
Samplis Identification %Cu % TFe %510y |% CuPeS, 9% FeSp | 3 CONPONENTS | % CuFes, % FeS, | 3 CoMPONmNTS
1. Mound Top Oxidised Surface 13.7 | 25.4 | 23.6 39.3 28.8 92 40.5 35.9 100
2. Mound Middle Bulk 7.98 | 31.2 13.4 23.0 51.9 88 19.6 67.0 100
3. Mound Top Bulk 17.2 | 8.7 | 35.3 49.5 8.0 93 56.3% 8.4 100
4. Mound Top Needles 26.7 | 27.7 8.70 76.8 9.2 95 84.2 7.1 100
. 5. Station 9 Sulphide 6.12 | 235.5 | 34.5 17.6 38,7 91 16.1 49.5 100
6. Mound Middle Oxidised Surface | 3.64 | 19.1 | 47.8 10.5 34.3 93 8.3 44.0 100
7. Mid Mound Bulk 1.39 | 34.8 | 11.0 4.0 72.0 87 5.3 83.7 100
8. Mound Top Needles 26.0 { 25.8 | 6.70 74.8 6.4 88 88.3 5.0 100
* See Section 2.1
* % components of the samples are Cu Fe 82, F982 and 8102

These values have been recalculated from Table 3.4.1. to include the third component of the samples, amorphous silica.

zzl



TABIE 3.4.3.

QUANTITATIVE SULPHIDE MINERALOGY AND THE THEORETICAL YIELD OF SO,

At 8.T.P, (Standard Temperature and Pressure);

10 mg of chalcopyrite produces 3.478 mg S or 6.956 mg 50,.
BUT, 1 mole of S0, (64g) occupies 22,400 cme?,

.+ 10 mg of chalcopyrite produces 2.43%5 cms3 of 80
SIMILARLY, 10 mg of pyrite produces 3.733 cmg? of 802

By combining the pyrite and chalcopyrite contributions of S0

2

at the calculated

percentages of these two minerals, for a given weight of sample the theoretical yield may

be calculated, and is shown below for the 8 samplesi-

-

Sample Tdentification Sulphide Mineralogy Weight of Yield of 802
% CuFeS, % Tes, Sample (mg) (Cma?)
ﬁ. Mound Top Oxidised Surface 39 32 15 3.216
2. Mound Middle Bulk 20 59 12 3,227
3. Mound Top Bulk 50 8 20 . 3,034
4. Mound Top Needles 11 15 3.204
5. Station 9 Sulphide 16 44 15 3.048
6. Mound Middle Oxidised Surface 8 39 18 -2.9712
7. Mid Mound Bulk (I.G.S.) 4 78 10 3.009
8. Mound Top Needles (I.G.S.) 15 5 15 " 3.019
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1. The samples generally consist of three components, chalcopyrite,
pyrite and silica. Secondary minerals and sphalerite were dis—
regarded due to their low abundance.

2. &he values of Cu-determined from bulk analysis (Section 2.1) are
totally held within the chalcopyrite phase and the remaining Fe
from bulk analysis, after subtraction from that within chalcopyrite,

is in the pyrite phase.

Table 3.4.2 reports the maximum 7 of chalcopyrite and pyrite possible,
deduced from the chemistry, and compares those values with the calibrated
X.R.D. results which have been re-calculated from Table 3.4.1 to include

the third component of the samples, amorphous silica.

Chalcopyrite values from chemical and calibrated X.R.D. techniques show
close agreement, confirming that virtually all of the Cu is contained

in the chalcopyrite phase and only traces in such minerals as covellite.
However, the pyrite abundances based on mineralogy are somewhat higher
than those found from the chemistry and this is due to the fact that
X.R.D. determinations of chalcopyrite and pyrite were for a 2 compenent
system, totalling 100%. These values were then recalculated to include
the amount of SiOZ, and this 3 component system also totalled 1007%.
Chemical results however, as shown in Table 3.4.2, for chalcepyrite,
pyrite and silica, generally totalled around 90%, indicating the presence
of trace amounts of other phases and/or analytical error. Trace amounts
of goethite, covellite and chalcanthite have been found (see Section
2.1} and these probably contribute in small amounts to the remaining

107 of sample not accounted for. For this reason, the calibrated X.R.D.

results may be slightly too high when compared to the chemical results.

The mineralogical values used for the isotope study are shown in Table
3.4.2 and exﬁénded in Table 3.4.3 to show the amount of 50, evolved
from such a sulphide mixture, which was then used to calculate the
yield. The % chalcopyrite and 7 pyrite wvalues represent averages of
the two techniques, mineralbgical and chemical, or if one value was
considered too high, the lower value was taken which was thought to

-reflect more nearly, the true composition of the saﬁple.
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PLATE 3.4.1. Small pyrite euhedra (p) enclosed within large
chalcopyrite grains (c).

PLATE 3.4.2. Intimate association of pyrite euhedra (p) and
anhedral chalcopyrite (c).
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Great emphasis has been placed on the qualify control and the errors
contained in the above determinations. This is necessary in order to
interpret low or high yields of 802 for isotopic analysis and ultimately
to interpret isotopic results.

3.4(b) STABLE ISOTOPES: -'s/>2s and 20/1%0

Reflected light microscopy (see Section 3.2) was used to select samples

in which the finely intergrown ﬁyrite and chalcopyrite appeared to

have precipitated cogenetically. Plates 3.4.1 and 3.4.2 show the close
association of pyrite and chalcopyrite which are the first formed
minerals in the paragenesis. The 8 samples selected were subjected

to quantitative X-Ray diffraction, as detailed above, and then sulphur

isotopic analysis.

In addition to the above 8§ samples, 2 samples of amorphous silica were
isolated for oxygzen isotope amalysis. Prior to their analysis, the
samples were purified by the removal of secondary iron oxides, by a
citrate/dithionite buffered leach (see Appendix B) and then heavy

mineral separation, to remove intermixed sulphides.

The 8 sulphide samples were analysed for their 348/328 ratios and the

2 samples of amorphous silica for their 180/160 ratios. The techniques
used to liberate 802 and CO2 for sulphur and oxygen isotope determina-
tions by mass spectrometer are detailed in Appendix B, from Robinson and

Kusakabe (1975) and Clayton and Mayeda (1963).

The isotopic data presented in this study are expressed as parts per
thousand (i.e. per mil or 7Z.) variation from the relevant international
standard, either Canon Diablo Meteorite, Troilite phase (C.D.T.) for

sulphur, or Standard Mean Ocean Water (S.M.0.W.) for oxygen.

34, ,32 34,32
(778/7°8) - (T78/778)
8348 - sample standard X 1000,

(343/325)

standard
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Table344 SULPHUR ISOTOPE DATA.
MOUND TOP :
. . ; o |
NQ Sample % Chalcopyrite |% Pyrite NQ of runs %6.0r (o)  |Precision(%o)
1 Mound Top Ox Suril 55 45 2 +5.42 +0.04
3 | Mound Top Bulk. 86 14 3 +5.97 +0.04
4} Top Needles. 92 8 2 +5.45 +0.05
8 | Top Needles (IGS 94 6 6 +5.44 +0.04
MOUND MIDDLE
2 Middle Mound Bull 25 75 3 +5.58 10.04
5| pive 1001 Stn.9 27 73 4 +5.96 40.05
6 Mid Mound Ox Sur] 17 83 2 +6.28 +0.05
7 MLd Mound Bulk 5 95 6 +6.34 +0.03
{I1GS)
i * Sample continually analysed untll precision for 2 or more samples is +0.05%oor better.

lai
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Aims of Stable Isotope Studies

The aim of this study is to use isotopic evidence, for both sulphur
and oxygen, to investigate the evolution and geothermometry of GRAFZI

inactive hydrothermal sulphide mounds in the following ways:-

1. To determine the 33431composition of the 8 sulphides and to compare
them with the only other similar data available, from the E.P.R.
at 21°N (e.g. Arnold and Sheppard, 1981; Styrt et al., 1981).
The isotopic evidence may clarify the relative amounts of sulphur
contributed to* the hydrothermal solutions from seawater and basaltic/

magmatic sources.

2. To evaluate the SS&S results in terms of the seawater/basalt ratios
which produced the hydrothermal solutions in the study area and

hence the permeability of the young oceanic. crust.

3. To use a pyrite-chalcopyrite mineral pair, formed in isotopic
equilibrium, as a geothermometer to find the temperature of form—
ation of the sulphide assemblage. Oxygen isotope analysis on the
two silica-rich samples could add further detail to knowledge of
the paragenetic sequence (Figure 3.2.1) by providing the temperature
of formation of the amorphous silica which formed later than the

sulphide assemblage.

Results _

Table 3.4.4 shows the 5345 data and the location of the samples, with
the 7 of the two sulphur dioxide producing minerals present. Results
with a precision worse than 2 0.05Z, during replicate sample analysis
were rejected. Invariably, the values rejected were linked to low yields
of SO2 due to loss of gas somewhere along the isotope line. The yields
obtained for all samples were never lower than 907 or greater than 1107,
with respect to theoretical yields, supporting the calibrated X-ray
diffraction mineralogical accuracy of better than * 107. Isotopic

results were only accepted when reproducibility was good from 2 or more

values. -
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F1G.3.4.2
34 o i
$s vs % Chalcopyrite\ Pyrite.

% Pyrite
a 10
L,e500__90 80 7O 60 50 40 0 20 o)

+6-4
+63
+6-2
+6-1

+6-0
4

S
(%)
+5-9

+58
+57
+56
+55

+5-4

538

+53

576 o 30 0 50 & 70 80 90 100
9% Chalcopyrite

Samples 1,3,4,8 from chalcopyrite-rich mound top.
Samples 2,5,6,7 from pyrite-rich mound middle.
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Mound Top.

The mineralogical composition of the samples (expressed as 2 component
mixtures of Fe52 and CuFeSz) and the 8343 values are shown in Figure
3.4.2, with precision indicated by error bars. Generally, the
chalcopyrite—-rich samples from the mound top cluster around +5.42 to
+5.45 < 0.05%. . The two samples of highest chalcopyrite purity (Nos.
4 and 8) give §7%S of +5.45 and +5.44% for 92% and 947 CuFes,,
respectively. The other samples are less rich in chalcopyrite: and one
sample (No. 3) with 86% CuFeSZIIAZFeSZ, shows an isotopically heavier
value of +5.97 = 0.04%. , Wwhich will be discussed later.

Mound Middle.
The two samples of highest pyrite content (Nos. 6 and 7) give 3345 of
+6,28 and +6.34 ks 0.05%, for 83% and 957 FeSz, respectively. Ore

microscope work indicates that these two samples are most likely to
consist of pyrite which formed and co-precipitated with chalcopyrite.
Values somewhat isotopically 1ighter'at +5.58 and +5.96 = 0.05%,, are
found for samples with 75% and 737 FeSz, respectively; the reasons for

this will be discussed later.

Sulphur Isotope Geothermometry

Figure 3.4.2 shows a large scatter for the 8 samples and it is difficult
to extrapolate values back to pure end-member pyrite and chalcopyrite
and thus to examine the temperature dependant fractionation factor, o
(Rye and Ohmoto, 1974), between these two minerals formed in equilibrium.
However, there is a linear relationship for the most monominerallic
mixtures (Nos. 4, 6, 7 and 8). The isotopic difference between pure

- §¥%s_ gp) Would be (+6.422.) -
(+#5.38%.) which equals 1:04%7 and can be represented by Ad4g

pyr - c'pyr
(Rye and Ohmoto, 1974). Aﬁas is, to an approximation, equal to

. . 4
rite and chalcopyrite 53
12 n Py (78 oy

1000 ln=¢, where o< is the isotopic fractiomation factor for pyrite and
chalcopyrite species. =X can be calculated without approximation from

the following relationship;
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Equation (1) 1000 + 8345

o P7E = PYY (Rye and Ohmoto, 1974)
1
cpyr 1000 + 834sc,

PyT
1006.42

1005.38

pyr

Therefore, 1000 ln < _, = 1.03 (cf. A3“s

= 1.047%,)
c'pyr .

pyr = c'pyr

Using the calibration of Kajiwara and Krouse (1971), o< can be used to

calculate the temperature of pyrite-chalcopyrite isotopic fractionmation;

Equation (2)

1]

1000 1n = 27T 4.5 (10° T2

c'pyr
Therefore, ™ =43.7 x 104 K
T = 661 K or 388°C

By using the values of analytical precision (Table 3.4.4), the range of
unicertainty in the temperature of formation of GRAFZI pyrite and chalco~
pyrite can be calculated using the above calibration and this equals

I 20%.

Oxygen Isotope Geothermometry

Analysis of the 2 silica-rich samples produced the following results;

Sample 9 Sample 10
+
§185 - +25.2 T 0.87. §18y - +17.0 ~ 0.4%,

The large errors in the data are probably due to the presence of water
in hydrated silica which may be retained to varying extents during
analysis. Nevertheless, the two samples are isotopically very different.
This implies formation at different temperatures or mixtures containing
differing proportions of a high and low temperature stage of amorphous
silica. Consequently, neither can be assumed to represent a specific

temperature by calculation between it and the assumed water value.
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However, it is interesting to note the range of temperatures indicated
by calculations. The isotopic composition of the water may vary
between that of pure sea-water, to a heavier one, which would represent
exchange with hot magmatic material. Craig et al. (1980) measured a
value of +1.64%Ze for a 21°N vent (E.P.R.), but wvalues of +27%. have
been recorded subsequently. Therefore, for comparison, temperatures
for both 0%, and +2Z. waters, have been calculated. The full range

of values is between 60°C and 172°C, taking into account all the
variability of isotopic fractionation and calibrations (Bottinga and

Javoy, 1973; Matsuhisa et al., 1979).

These temperatures suggest either considerable low temperature diagenetic
additions of SiO2 or the result of a much lower temperature phase of
emissions than that which produced the sulphides. For comparison,

fluid inclusion studies on quartz from a volcanogenic exhalative sulphide
deposit indicated a crystallisation temperature of 174°C (Southwood,
1982) which is very similar to the highest temperature of 172°%¢ for
GRAFZI amorphous silica.

Discussion
- To satisfy the original aims of the stable isotope study; i.e. to
compare GRAFZI and E.P.R., 21°N sulphide deposits; it is necessary to
state the following facts. The hottest hydrothermal vents on the E.P.R.
at 210N, are actively debouching fluids at 380 ¥ 30% (Spiess et al.,
1980) and these solutions are depositing Cu-rich sulphides, whilst
chimneys with exit temperatures of less than' 300°C are depositing Zn—
rich sulphides (Styrt et al., 1981). The temperatures indicated for
the GRAFZI sulphides are in close agreement (390° = 20°C) with the E.P.R.,
21°N hottest Cu~depositing fluids. However, the overall geochemistry
of the sulphide mounds is very different, with Zn enrichment up to 507
at 21°N (Hékinian et al., 1980) and with only up to 1.5%Z Cu. GRAFZI
sulphides, by contrast, comprise up to 277% Cu and only 1.57 Zn.
3348 (CYAMEX) values for 21°N sulphides, taken from Février (1981);
are as follows:-— PYRITE > SPHALERITE 7 CHALCOPYRITE -

+ 3.45%. +2.80%. +2.107%
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Geothermometric calculations on mineral pairs from statistical
averéées and for global-pooled. results, for 21°N sulphides, indicate
that the pyrite—chalcopyrite mineral pair formed at 590°¢ - 400°¢C
and the pyrite—sphalerite mineral pair formed at 4600 - 275%
(Février, 1981).

Styrt et al. (1981) published values of 8345 from +1.3 to +4.1%.,

while Arncld and Sheppard (1981) gave a range from +1.4 to +3.07,

for E.P.R., 21°N sulphides. R.M. Haymon (pers. comm., 1981) showed
a slightly lower range of +0.4 to +2.0%.. These authors generally
accept that the values are consistent with sulphur derivation from
both reduced seawater sulphate and basaltic/magmatic sources, with
approximate compositions of + 20Z, and +0.5 to 1.0%, (Sakai et al.,

1978), respectively.

Arnold and Sheppard (1981) concluded that their 8345 values for E.P.R.,
21N sulphides, indicate a seawater sulphate contribution of 10Z, to
the‘total hydrothermal sulphur. Styrt et al. (1981) agreed with this
and proposed a 10 - 207 marine sulphate sulphur contribution with the
remaining 90 - 80%Z of sulphur obtained from basaltic leaching. However,
Styrt et al. (1981) mentioned that in dynamic convectively circulated
seawater systems, sulphur, totally from reduced seawater sulphate, may

give 8348 values as low as +5Zo.

GRAFZI sulphide 8348 values show a range of +5.4 to +6.3Z,, which is
considerably isotopically heavier than E.P.R., 21°N sulphides, by +2

to +3%.. These GRAFZT values support experimental evidence (Ohmoto et
al., 1976) which shows that values greater than +5Z, may occur in
sulphides when seawater is interacted with basalt at temperatures

above 250°C. The absence of micro-inclusions of anhydrite (CaSOA) in
GRAFZI samples rules out the possibility of isotopically heavy sulphides
resulting from contamipant sulphate inclusions (8348 of + 20%,), as

was noted by Arnold and Sheppard at 21°¥.
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As mentioned, GRAFZI sulphides have a substantially heavier isotopic
composition than their E.P.R. analogues. This may well indicate a
greater contribution from reduced seawater sulphate, to the total
hydrothermal sulphur content. It is not proposed to specify the
quantity of sulphur from seawater sulphate added to the hydrothermal
sulphide deposits, but it is evidently a major contribution. This
evidence indicates that the convective cells of hydrothermal solutions
have high seawater /rock ratios (or rapid flow rates) in the oceanic
crust, and that the permeability and domination of this system by

seawater is apparently greater than at 21°N on the E.P.R.

Stockwork Hydrothermal Solution Transport

In a dynamic system of convectively circulated seawater, in which sea—
water interacts continuously with igneous rocks at different temperatures
and a.variety of water/rock ratios, and where HZS and 8042_ are losf
from solution by precipitation of sulphide and sulphate minerals, the
348/328 ratios in the hydrothermal solutions must constantly be changing.
In this case the values in Figure 3.4.2 can be rationally interpreted

due to the constantly changing sulphur budget. The values which fall
below the best-fit straight line are generally rich in pyrite and are

isotopically lighter in 34

S than co-genetic pyrite/chalcopyrite samples
would be. This anomaly can be explained in two ways due to the fact
that pyrite in these samples formed at a different time than high
temperature chalcopyrite (cf. colloform and late stage pyrite, see
Section 3.2). The first mechanism for producing isotopically light
pyrite would involve biological and diagenetic activity which could
reset and lower 5348 values. The presence of organic debris was common-—
place in both GRAFZI (Malahoff et al., 1983) and E.P.R., 21% sulphides
(Hékinian et al., 1980). The second mechanism which could lower 8348
pyrite values would involve augmenting the hydrothermal fluids with an
34

increased basaltic sulphur compenent, of lower ~ S content than sea-
water sulphate, as the fluids became progressively depleted in their
seawater sulphate content due to precipitation of sulphate and sulphide

minerals within the upper crust.

The 5348 value which lies above the best fit straight line (Sample ?,

Figure 3.4.2) 1is somewhat problematical. This sample, with 867 e
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chalcopyrite, could represent a precipitate from a hydrothermal
solution which became isotopically heavier with time, possibly due

to addition of more seawater sulphate. Alternatively, although
perhaps less likely, assuming a simple closed reservoir model, where
residual hydrothermal solutions became enriched ia the heavier 345
isotope as 328 preferentially left the solutions upon sulphide mineral

precipitation, then these fluids could deposit sulphides enriched in
34
S.

Conclusions

1. GRAFZI sulphides consist dominantly of a chalcopyrite/pyrite assem-
blage and these two minerals were found by geothermometry to have
formed from hydrothermal solutions at a temperature of 3a8° z 20°C,

which is very similar to the hottest 'black smokers' from the E.P.R.,

21°9.

8348 of +5.4 to +6.3%., are isotopically

2. -GRAFZI sulphides with
heavier than sulphides from the E.P.R., 21%N (+1.3 to +4.17%6 3
Styrt et al., 1981). This indicates a greater component of reduced
seawater sulphate sulphur contributed to the total hydrothermal
sulphur content of the GRAFZI hydrothermal fluids than on the
E.P.R. at 21°N. This suggests convection within oceanic crust
which may be more permeable and/or hydrothermal solution flow
rates may be more rapid, than on the E.P.R, at 21°N, and that

the system in the GRAFZI area 1s seawater dominated.-
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CHAPTER 4

HYDROTHERMAL PROCESSES AND THE EVOLUTION
OF GALAPAGOS RIFT SULPHIDE MOUNDS

4.1 EVOLUTION OF A SUBMARINE HYDROTHERMAL MASSIVE SULPHIDE DEPOSIT

Synthesis of data from geological, chemical, mineralogical and stable

isotope studies has led to the construction of a model which describes
the evolution and extinction of a hydrothermal sulphide-depositing
vent. It is necessary first to appreciate some of the more important
aspects of sub-surface hydrothermally convected seawater interacting
with basalt. This process is responsible for producing metalliferous

solutions which deposit the sulphides observed on the sea-floor.

Seawater/Basalt Interaction

Great controversy exists over the interpretation of seawater/basalt
ratios. However, the. importance of interaction of downwelled, cold
seawater with basaltic crust, in deriving metalliferous solutions, is
not in dispute. Experimental work has provided the basic knowledge
for an understanding of the mechanisms of seawater/basalt interaction,
augmented by studies on mineralogy, chemistry and oxygen isotope com—
position of greenstones dredged from mid-ocean ridges (Muehlenbachs

and Clayton, 1972; Humphris and Thompson, 1978).

Hajash (1975) and Mottl and Holland (1978) investigated seawater/basalt
interaction at temperatures from 200 - 500°C and 500 - 1000 bars
pressure, at water/rock ratios of 5 or less. Further experimental

work led to Seyfried and Bischoff (1981) reporting results from a
system where water/rock ratios of 10, temperatures of 300°¢ and
pressures of 500 bars were used. This was thoughf to simulate the
end-member hydrothermal solutions reacting with basalt, at depth under
the Galapagos Rift, proposed by Edmond et al. (1979). Results indicated
that seawater gained Ca,_HZS, COZ’ K, Fe, Mn, Ba, Al and H+, whilst
losing Mg and 304. Basaltic glass and dolerite were replaced by

minerals such as smectite, chlorite and anhydrite.
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Mottl and Seyfried (1980) and Mottl et al. (1979) found that under
similar experimental conditions Cu and Zn were also leached from
basalt and that basalt—derived ferrous iron was responsible for
seawater sulphate reduction. Mottl and Seyfried (1980) concluded
that a water/rock ratio of 50 s may represent the cut-off between
a rock dominated system (at lower ratios) and a seawater dominated
system (at higher ratios). Above this ratio of 50, the authors
noted that cations can be stripped easily from basalt, whereaé at
lower ratios than 50, much higher temperatures are needed to achieve

this, as also noted by Seyfried and Bischoff (1981)

All the above workers agree that the loss of magnesium hydroxy sulphate
from seawater produces acidic hydrothermal solutions. Only under high
seawater/rock ratios, i.e. greater than 50, can this acidity be main-
tained due to the Mg2+ ion buffering the low pH of the solutions. At
lower ratios, where Mg is almost completely removed from seawater,
silicate hydrolysis reactions consume the earlier formed B and acidity,

coupled with high metal concentrations, cannot be maintained in solutionm.

The application of these facts to the GRAFZI deposits, along with
stable isotope results (Skirrow and Coleman, 1982, 1982a), indicate
that high seawater/rock ratios were respomsible for producing GRAFZI
sulphides. These high seawater/rock ratios were produced by either
rapid hydrothermal sclution flow rates or a permeable oceanic crust
with many conduits open to the passage of these solutions, or a

combination of both of these two factors.

Sulphide Precipitation

Mineral paragenesis studies (Chapter 3, Section 2) indicate that chal-
copyrite and pyrite represent the onset of the higher temperature,
later phase of sulphide precipitation within the uppermost basaltic
crust, or within the hydrothermal mound, on egress of the hydrothermal
solutions onto the sea-bed. However, data presented above show a
compositional difference between the middle and upper parts of the

sulphide mound. Cu is considerably more enriched at the top than the

middle of the mound, where Fe, Zn and 8402 are most abundant.
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Sphalerite is only observed as small grains enclosed within pyrite
evhedra and these are found in 'Caries Texture'. Sphalerite was
unstable in the presence of solutions which precipitated the mound-
top chalcopyrite/pyrite assemblage formed at 390 I 20°%, as found

by mineral-pair sulphur isotope geothermometry (see Section 3.4(b)).
The sphalerite dominated sulphide assemblage found at 21% on the
E.P.R. was formed at temperatures below 350°C (Haymon and Kastner,
1981). By analogy with the E.P.R. deposits, the present moun&
middle would have formed at temperatures of $350°C with an assemblage
consisting of pyrite, dworphous silica, sphalerite and minor chalco-
pyrite. The changing temperature and chemistry of the hydrothermal
solutions with time was responsible for redissolving previously prec-
ipitated sphalerite which was unstable at temperatures of around 390°C.
The net effect over the whole mound was that Zn was lost into the
Galapagos Rift bottom waters, either by re—-solution from the mound
middle or simply by non—precipitation due to temperatures which were

too high for sphalerite depositiom.

The associated occurrence described in Chapter 2,0f primary Fe and

Mn oxides of hydrothermal origin with high Zn (and to a lesser extent
Cu) contents simply reflects an abundant supply of Zn in bottom waters,
available for scavenging and adsorption. The possibility that the Fe
oxide is a gossan from a pyrite-sphalerite precursor has been ruled
out in Section 3.3. ‘

"

Pyrite formation in the "black smoker ", upon settling, led to the
scattering of pyrite euhedra within the mound mass of colloform pyrite/
amorphous silica gel. This colloform texture may represent a
"quenching" of the hydrothermal solution after the main period of -
sulphide precipitation and it probably occurred at the periphery of

the hydrothermal plume where mixing with ambient bottom waters occurred.
Amorphous siliea 180 isotope results indicate a maximum temperature of
formation of 172°C, which compares favourably with the association of
pyrite and amorphous silica in E.P.R., 21°N "white smokers (Haymon

and Kastner, I981). Organic debris acted as a nucleus for sulphide

(pyrite) precipitation and is often associated with colloform banding



e Uy VI P

D e

~

textures. Amorphous silica 18, isotope results also indicate that
this mineral could have formed at 60°C, or as a precipitate from a
cooler phase of emissions. Alternatively, this temperature may
represent a mixture of high temperature (172°¢) amorphous silica and
diagenetically reworked amorphous silica. Worm burrows were found
to be infilled with amorphous silica and secondary minerals from
degraded sulphides, which may suggest mixing of high temperature

and diagenetically formed amorphous silieca.

The cessétion of hydrothermal activity was followed by rapid surficial
oxidation of primary sulphide material that was not in equilibrium

with the oxidising conditions prevailing on the sea-bed. The mobil-
isation of Cu and S, as noted by Hékinian et al. (1980) at ZloN, from
chalcopyrite, was responsible for the formation of secondary minerals
such as covellite and chalcanthite and ultimately a gossan of spherules
of amorphous iron oxyhydroxides of a limonite character. Marcasite may
have formed from pyrrhotite. Diagenesis was responsible both for seal-
ing conduits with reworked amorphous silica and filling pores, resulting
in a general compaction of the mounds. A gossan surface of a few
millimetres in thickness caps the mounds and this seems to have pro=—
tected the massive sulphides from further oxidation and destructiomn.
The denudation of the chimneys which once emitted "black smokers" was

responsible for building talus around the mound.

It is not known how long the sulphide mounds have survived since
cessation of hydrothermal activity. Ultimately their survival may
be dependant upon diagenetic compaction and the presence of a relatively

impermeable gossan cap on their surface.

The Mechanism of Mound Extinction

The reasons for mound extinction have been neglected in this study until
now but seem to be intimately bound up with sub-surface sulphide prec-
ipitation. Valuable evidence can be gleaned from the increase in the
temperature of formation or an increase in Cu content of the hydro-
thermal sulphide deposits with time, although the exact position of

the samples in the mound structure was not well detailed and this sets
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limitations on any interpretation. The difficulty in geological
interpretation. of processes operating in the stockwork zome of the
hydrothermal system-is largely due to the fact that evidence of these
processes cannot be seen. However, sulphide precipitation within the
stockwork undoubtedly occurred and chalcopyrite and pyrite formation

in this zone has already been described above.

Figure 4.1.1 shows an idealised cross—section and a possible model for
the formation of a4 hydrothermal polymetallic sulphide mound at 86°w,
based on synthesis of all the previous data. Sub-surface sulphide
precipitation within the stockwork zome of the basement is thought to
have caused the change in chemistry and temperature of the hydrothermal
solutions with time, manifested by Cu enrichment at the mound top and

Zn depletion throughout mound areas A and B. (see Figure 4.1.1). The
mineralisation and blockage of conduits would have led the solutions

to find new passageways and perhaps exit from the sea-bed at a different
1ocality5‘ Alternatively, the decrease in permeability of the stockwork
zone due to sulphide precipitation,ultimately causing a blockage in

the plumbing system, would lead te the increased use of the conduits
still unblocked. The release of pressure and heat from the crust

could only be maintained by increasing the flow velocity of the

solution and its temperature, in the main or central conduit. Relatively
diffuse penetration of hydrothermal fluids would be focussed into a
narrow area, as shown in Figure 4.1.1, the location of which is dictated

by the blocked sub~surface conduits.

Ultimately, the central conduit would itself be blocked by sulphide
precipitation and a new vent would form elsewhere. This is presently
occurring on the E.P.R. at 21°N where central zomes and upper portions
of sulphide chimneys are dominated by chalcopyrite whereas previously,
lower temperature Zn rich sulphides (wurtzite and sphalerite) were

dominant (Haymon and Kastner, 1981).

The ability of hot, high velocity hydrothermal solutions to propagate
cracking fronts in the basaltic crust (Lister, oral comm., 1982) would

lead to new passageways and new vents being formed, as old ones became
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bloeked., Theoretical work (Cann and Strens, 1982) indicates that

a cluster of three "black smokers", active for 800 years, would
produce a 3 million ton sulphide ore deposit and this would require
the latent heat of solidification of 20 Kms3 of basaltic magma. The
total sulphide assemblage in the GRAFZI area is thought to be in the
order of 25 million tons (Malahoff, pers., comm., 1982), although this
is based on extremely limited data. This would involve the solidifi-
cation of approximately 175 Kms3 of basaltic magma, on the basis of

7 Kms3 'frozen' magma per 1 million tons of sulphide (Cann and Strens,
1982).

The Failure of Seafloor Spreading

The solidification of magma described above is extensive and may well
have produced a failure in seafloor spreading due to the shutdown of
the driving force, the magma chamber. This is speculation but is

* enlightening when it is considered that the 86°W area of the Galapagos
Rift contains a "jumped'" rift (see Chapter 1), as seafloor spreading
shifted from one site to another. A possible reason for this jump
may be due to the extensive solidification of the magma chamber due

to hydrothermal heat loss.

A N-8 geological cross sectiom taken across the double rift and perched
block structure at longitude 85°50'W is shown in Figure 4.1.2, with

the location of GRAFZI sulphides and the later discovery of a more
massive deposit, found on the northern margin of the southern rift
(Malahoff, pers. comm., 1982). The speculative sub-surface geology
has been included to show hydrothermal convection cells and the cupola
on the magma chamber which may have migrated to a more southerly
location, due to hydrothermal heat loss, initiating seafloor-spreading
there and setting up new hydrothermal convection cells responsible for

depositing the sulphide deposit , as shown in Figure 4.1.2.

4,2 A COMPARISON OF MODERN AND ANCIENT SUBMARINE SULPHIDE DEPOSITS

The more detailed information that becomes available from studies of

the genesis of modern submarine hydrothermal sulphide deposits



TABLE 4.2.1. Comparative Geochemical Data for Mid-Ocean Ridge Hydrothermal Massive Sulphide Deposits

¥ GRAFZI ;ALAPAGOS RIFT, 86% ' E.P.R.,21°N +JUAN DE FUCA RIDGE

e Mhi?i;EEEUdiIN. Malahoff (1982) Hékiii:ﬁETIBBO) belaney et all’g2)

Fe (%) 31.2(21.1 | 2.1 10.0 8.9 8.0

Cu (%) 26.7(10.8 | 0.6 10.0 0.3 0.3

Zn (%) 1.4] 0.4 |<0.1 0.1 49.7 54.0

Ag (ppm)[ 55 31 16 300 380 290 .

Pb {ppm)j 80 [<34 <10 1000 640 2500

Cd (ppm)} NOT REPORTED 100 300 490

GRAFZI values taken from Table 2.1.1., which were averaged after the

exclusion of Sample 4 Station 9, which was contaminated with ferro-
manganese oxides.

+ Representative analyses from published literature.

vyl
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increasingly strengthens the case for comparisoms to be drawn with
ancient deposits of ophiolitic and greenstone belt affinity. To

put these comparisons into their proper context it is important to
review the composition of the modern massive sulphide deposits found

to date, all of which are from the Eastern Pacific.

Modern Submarine Sulphide Deposits

Chemical analyses reported in Table 4.2.1 show a combination of values
which highlight chemical differences between the sulphides. The values
reported are representative of the particular sulphide deposit con-
cerned and for comparison the maximum, minimum and mean values are
reported for GRAFZI sulphides.

The data indicates that the GRAFZI deposits, from this study and from
Malahoff (1982), are much more Cu~rich and less Zn- and Ag-rich than

their counterparts, from 21°¥ on the E.P.R. They are also different

from those on the Juan de Fuca Ridge, where Zn reaches 547, and Ag

reaches 290 ppm.

It has been shown that temperature is a very important factor in deter-
mining whether a sulphide assemblage is Zn- or Cu-rich, and this may

be related to the depth of the heat source below the sea-bed. Bischoff
(1980) noted that 21°% sulphides represent the very top of the hydro-
thermal system and may not be representative of the whole. The limited
evidence available (Bischoff, 1980) suggests that pyrite or pyrrhotite
may be-found within the basement, representing earlier higher temper-

ature precipitates.

Ancient Submarine Sulphide Deposits

In recent years much literature has been produced comparing land-based
economic ore deposits with Red Sea—-type submarine hydrothermal deposits.
Some comparisons have been tenuous whilst others have gained much
support, especially those on sulphide bodies associated with ophiolite
sequences, e.g. the Semail Nappe, Oman (Pearce et al., 1979) and the
Troodos Complex, Cyprus (Spooner, 1976). The tectonic setting of

modern mid-ocean ridges and ophiolite complexes are similar but there
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FIGURE.4.2.1. Comparative sulphur isctoplc data for some stratiform
massive sulphide deposits associated with submarine volcanism,adapted

from Ohmoto and Rye(1979).
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is also a great deal of similarity between the hydrothermal processes

operating in island=-arc and mid-ocean ridge tectonic regimes.

"The West Shasta Cu~Zn District of Califormia is a prime example of a
hydrothermal system which evolved in a Devonian island-arc setting
(Casey and Taylor, 1982). The similarities between the hydrothermal
processes producing the sulphide deposit and those which produced the
GRAFZI deposit are noteworthy. The West Shasta deposit is en@losed
by dacite and underlain by the Copley Greenstome (basaltic an&esite)
which has been hydrothermally altered by seawater. 180 compositions
of the rocks indicate similarities to Mid-Atlantic Ridgé meta-basalt
(Stakes, 1978) and altered oceanic rocks of the Troodos Complex
(Heaton and Sheppard, 1976), with interaction occurring at about
200° - 300°C. The sulphide deposit consists of pyrite, chalcopyrite
and sphalerite. Geothermometry of a pyrite/chalcopyrite pair from
the West Shasta deposit indicated a temperature of formation of 340° -
365°C for these two minerals whilst GRAFZI sulphides formed at
390° £ 20°%. Further isotopic comparison can be drawn as 8348

values vary between +4.1 to +5.37%., for the West Shasta sulphides,

which are similar, if slightly lower, than those for GRAFZI sulphides

(up to +6.47%,). Casey and Taylor (1982) concluded that on the basis

of isotopic evidence from 0, H and S, the hydrothermal fluid was

dominantly an evolved seawater, as suggested for GRAFZI sulphides.

The above comparison indicates that although the igneous assemblages
differ in island-arc and mid-oceanic terrains the hydrothermal
processes do not, as was also shown by Ozcelik (1982) for sulphides
from the Anatolian Ophiolite Belt of Turkey. Valid comparisons can

be made between a Devonian metamorphosed intermediate rock-hosted
volcanogenic massive sulphide and a present-day basalt-hosted
equivalént. To emphasise this point, Figure 4.2.1. shows that modern
and ancient sulphide deposits have very similar 8348 values, regardless
of their tectonic setting. The common factor is that all of these
have been derived from an evolved seawater mineralising fluid. Red

Sea 8348 values show a large spread and may reflect biological activity,
while sulphate 3345 values reflect precipitation from heated-ambient

seawater, rather tha= .he hydrothermal sclutions. The slight
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differences in 8343 suggests the relative amounts of sulphur from
reduced seawater sulphate and from basaltic sources, contributed to

the hot mineralising fluids, as outlined in Section 3.4(b).

The analogy between GRAFZI and Cyprué—type sulphide ores is not just
related to their similar location at faulted-rift valley margins
(Malahoff et al., 1983}. Séockwork hydrothermal fluid temperatures
for the Troodos sulphides range between 250° - 350°C (Heaton and
Sheppard, 1976; Spooner, 1976). Heaton and Sheppard (1976) postu-
lated a seawater/rock ratio of between 1 and 5, responsible for pro-
ducing disseminated stockwork cupriferous pyrites ( 8345 =+ 5.1%.),
whilst massive pyrite gave a 8348 value of +4.3%.. These values are
similar to GRAFZI 8345 values and Spooner (1976) suggested a major
component of sulphur contributed to the sulphides from reduced sea-

water sulphate at Troodos, up to a possible maximum of 100%.

The above comparisons are of considerable value in commercial massive
sulphide exploration. Scheibner and Pearce (1978) found that Paleozoic
metabasalts from New South Wales which erupted during the opening phase
of a major ocean, chemically resemble metabasalts from the Troodos
Massif of Cyprus and thus were of great exploration potential, for

Cu-rich massive sulphides.

4.3 EXPLORATION CRITERIA FQR THE DISCOVERY OF POLYMETALLIC SULPHIDES

Guidelines for exploration for hydrothermal sulphides of potential ore

grade are as follows:~-

1. High resolution bathymetric mapping of the rift valley, using the
SEABEAM or. Sonar-Array Sounding System (S.A.S.S.) technique coupled
with the acoustic SEAMARK system. Exploration should focus at both

axial and faulted margin locations.

2. Geophysical investigations to include determination of the spreading
rate, heat flow variations, gravity, magnetic and seismic refraction
surveys to obtain high resolution crustal properties along the
spreading centre and gain knowledge of the source of new oceanic

crust, the nature of the axial magma chamber and the depth of hydro-
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thermal circulation. Electromagnetic techniques to locate -sulphides
could be used once the above procedures have selected a target area.
Regional geochemical reconnaissance study of the area, focussed in

the vicinity of axial fractures or faulted margins of the rift valley,
with an end to locating Mn anomalies in the sediments. Detailed
sampling of an area with Mn enrichment would produce a trend of
increasing Mn and decreasing Zn/Cu ratios towards the hydrothermal
source. The source may or may not hest sulphides, depending on

the temperature of the effluent hydrothermal solutions, dictated

by the extent to which sub-surface mixing with ambient bottom

waters has occurred.
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STUDY B CHAPTER 5

THE DE STEIGUER DEEP AREA, 95%

5.1 INTRODUCTION

The work of Moore and Vogt (1976) focussed attention on the De Steiguer
Deep Area of the Galapagos Rift at 95°W, where two separate dfédge
hauls recovered hydrothermal manganese crusts. Station D6, on basement
which was located on the north wall of the axial valley of the active
spreading centre, was dredged at a water depth of about 2930 metres

and on oceanic crust dated magnetically at 0.3 million years age.
Station D9 was located on a basement ridge 25 Kms northeast of D6,

at a water depth of about 2560 metres and on oceanic crust of 2.4

million years age.

Figure 5.1.1 shows D6 and D9 and their location relative to the
Galapagos Spreading Axis. The R/V SONNE revisited the De Steiguer
Deep Area in 1980 (see Figure 5.1.1) and the stations sampled are

described in Section 5.3.

5.2 GEOLOGY AND BATHYMETRY OF THE 95°W AREA

The original aim of the 1972 cruise to the 95°W Area (Moore and Vogt,

1976) was to investigate a zone of high magnetic anomaly amplitudes
(Vogt and Johnsom, 1973) centred on the Galapagos archipelago which
is thought to be a mantle intra—-plate hot spot (Morgan, 1972). The
magnetic anomalies were thought to occur due to the nature of the
basaltic crust which is enriched in Fe and Ti (Vogt and Johnson, 1973)

and hence termed FeTi basalt.

At 95027'W, the Galapagos Spreading Axis (G.S.A.) is offset by a
sinistral strike slip fault or fracture zone. The easterly part of
the G.S.A., terminated by the fracture zome, is enclosed by the basin
termed the De Steiguer Deep which is shaded below the 3000 m contour

in Figure 5.2.1. The basin is elongated east-west, along the direction -~



FIG.5.1.1. Station locations in the De Steiguer Deep Area (95°W) on the Galapagos Rift.
D6 and D9 represent the sites where hydrothermal Mn crusts were found by Moore and Vogt (1976).
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FIG.5.2.1. Bathymetry of the De Steiguer Deep (shaded} and surroundin

g area.
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of the G.S.A. and has a maximum depth of more than 3300 m. The
southermmost extension of the De Steiguer Deep encloses part of the
fracture zone where a cross section of the mid-ocean ridge occurs

in the easterly wall.

The majority of the samples collected were taken from the north flank
of the G.S.A. where the bathymetric data (Figure 5.2.1} indicate an
east-west strike for the topography which consists of small basins and
ridges and isolated seamounts shoaling to 2500 metres. South of the
G.S5.A. there is a sharp increase in depth from 2200 m to 3100 m at
2°20'N and 95017'W, where core 160K was recovered. Ome of the abyssal
hills, at 2°48'N and 95°13'W, was dredged at a water depth of about
2750 m (Station 146D} and pillow lava basalts (without a glassy margin)
were recovered. The surface of the basalt was partly altered, with
yellow and red Fe-hydroxides, coated by botryoidal Fe/Mn crusts up to
7 mm in thickness. This dredge was located between Stations D6 and

D9 of Moore and Vogt (1976), (see Figure 5.2.1).

5.3 SAMPLE DESCRIPTION

Seven cores, 14 dredge hauls and 7 Van Veen grab stations were sampled,
while water samples were collected from 3 other stations (see Figure
5.1.1). Thirty-four samples were analysed (see Appendix B), taken

from 7 cores, 2 dredge hauls and 1 Van Veen grab (see Appendix C).

From top to bottom of the cores, the sediment grades from dark to
moderate yellowish brown (1O0YR 4/2, 10YR 5/4) through grayish yellow/
orange (5Y 8/4, 10YR 7/4) to pale greenish yellow (10Y 8/2). Shipboard
grain size determinations for the cores showed that there is mno silt/
clay fraction (i.e. <630 in the surface sediment which comprises
foraminiferal ooze but that this fraction increases up to a maximum of

647, at 2 metres core depth.

5.4 BULK GEQCHEMISTRY AND MINERALOGY
5.4.1 Bulk Geochemistry

Data for 18 elements, CaCO3 and Si0, is reported for the 34 samples on

2
a carbonate free basis, in Appendix C. According to the classification
of Olausson (1960), the sediments can be termed foraminiferal chalk

gozes and CaCO3 varies from 61.97 to 92.9Z. SiO2 was only analysed in

3 samples and varies from 45.97 to 56.7Z, on a carbonate free basis,

' averaging about 50% of the non-carbonate fraction of the sediments.

1583
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The results obtained from the data handling on a carbomate free basis
have been used to examine geochemical variation within the non-
carbonate fraction. However, in these high carbonate sediments where
CaCO, values as high as 92.97 are found, the remaining sediment
fraction is very small and as shown above, SiOz, where analysed,
averages about 507 of this fractiom. Salt (NaCl) is also a significant
component of the non-carbonate sediment fraction and selection of a few
Galapagos Rift sediments showed that about 6.5% weight loss occurred

after washing the samples with de-ionised water.

As weight loss determinations were not carried out on every sample,

the non-carbonate fraction of the sediment has not been salt-corrected.

Na values of up to 15.8% (see Appendix C) can largely be ascribed to
sea—salt in the samples, although Welby (195@) showed that Na and K
in deep-sea sediments are associated with the clay minerals. Chester
and Aston (1976) found that sodic feldspars occur in minor amounts in
pelagic sediments. Mineralogical evidence (Section 5.4.2) indicates
that feldspars are of minor abundance, suggesting that sea-salt and
to a lesser extent, clay minerals contribute most of the Na to De

Steiguer Deep Area sediments.

Berger et al., (1976) showed that the C.C.D. in the 95°W area is

located at about 3600 m water depth, with a "transition zone" of 100 m
thickness above it, where high carbonate values decrease to low ones

with increasing depth towards the C.C.D. All the samples analysed from
this area are from stations in water depths shallower than 3176 m and are

therefore well above the C.C.D.

Sr and P are known to be associated with CaCOB—rich pelagic sediments
{E1 Wakealand Riley, 1961; Emiliani, 1955). 5t substitutes for Ca
in the CaC0, lattice and P is present in skeletal apatite, which is
also an efficient adsorber of lathanides (Arrhenius et al., 1957).
These associations explain the fact that the sample highest in CaCO3,
surface sediment from 160K, also contains the most Sr, P and La

(see Appendix C).
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gigh concentrations of Mg, Al, Ti and V tend to occur together in the
same samples, suggesting the close association of these elements. Mg,
Al and V have been ascribed to clay mineral and basaltic detritus
scurces in GRAFZI area sediments (see Chapter 2), with a major contri-
bution from the tlay minerals. Hékinian et al. (1978) reported 1.14%
Ti for Galapagos Rift FeTi basalts. To determine the contribution of
Mg, Al and V from basaltic and clay mineral components in the sediment,
the Mg/Ti, Al/Ti and V/Ti ratios compared to those in Galapagds Rift

FeTi basalts were examined.

FeTi basalts (Hékinian et al., 1978) have a Mg/Ti ratio of 2.9, Al/Ti
_of 6.0, V/Ti of 0.04,while 95°0 sediments give much higher ratios in all
cases, e.g. Mg/Ti of 11.5 to 22.8, AL/Ti of 16.4 to 22.7, V/Ti of 0.07
to 0.31. These higher ratios show that Mg, Al and V are present in

the sediments at greater levels than would be expected from a FeTi
basalt component. Therefore, this indicates that a major site of

Mg, Al and V in 95°W sediments is in ¢lay minerals (see Sectiom 5.4.2).

The fact that Li is highest in sediments which, on the basis of their
Ti content, have a low content of basaltic debris suggests that clay
minerals may be the major site for this element, as is the case in

GRAFZI area sediments {(Chaper 2).

Regional Element Distribution in 95%% drea Surface Sediments.
The elements Fe, Mn, Co, Ni, Cu, Zn and Pb are commonly associated with

marine ferromanganese oxide deposits (Croman, 1980) and as shown .
previously, Fe, Mn, Cu, Zn and possibly Pb can be dispersed from a
hydrethermal source and incorporated in these ferromanganese oxides

(see Chapter 2).

Figures 5.4.1 = 5.4.7 show the distribution of Mn, Fe, Cu, Zn, Co, Ni

and Pb in surface sediments from the 95°W area. The upper oxidised

layer was found to penetrate to at least 25 cms below the sediment/

water interface. The limited data available suggest that sediment

from core 153K and dredge 146D are most enriched in Mn (»47, on a -
carbonate free basis, see Figure 5.4.1) and sediment from core 160K

is most enriched in Fe (>8%, see Figure 5.4.2). The existence of



FIG.5.4.1, Mn distribution in surface sediments from the 950w Area.
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FeTi basalt with-more than 107 total Fe (Hékinidn et al., 1978) in

this area may explain the level of Fe in 95°0 area sediments, although
Fe/Ti ratios which are much higher for 95°W sediments (from 16.2 to

35.3) than for FeTi basalts (about 7.3) suggest that clay minerals and
Fe oxide sites for Fe are more important. Mn is known to be concentrated
in the top oxidised sediment layer by diagenetic remobilisation (Lymn

and Bonatti, 1963) although its ultimate source may be hydrothermal.

The Mn enrichment in 146D is notable because this station is situated
between two known hydrothermal Mn crusts, D6 and D9, found by Moore

and Vogt (1976).

Cu reaches a maximum abundance in sediments from core 160K and dredge
146D (see Figure 5.4.3) which can be associated with the maximum
abundances of Fe and Mn, respectively. 2n, Co, Ni and Pb (Figures

5.4.4 -~ 5.4.7) all show relatively high levels in core 160K and variable
enrichment in cores 147K, 153K, 154K and 158K and dredge 146D. The
relative lack of Pb and to a lesser extent Co, in 146D, may indicate

a hydrothermal ferromanganese oxide component in the sediment as these
metals are normally low in hydrothermal deposits and high in hydrogenous
deposits (Cronman, 1980). However, a high Ni content also suggests some
hydrogenous characteristics in 146D sediment. Cu and Zn are more
enriched in 146D than Co,and the former elements may be tramsported
with particulate hydrothermal Mn oxides (see Chapter 2). Core 160K

is more enriched in Co and Pb, indicating that its ferromanganese

oxide component may be of a more hydrogenous nature.

Geochemical Variations with Depth.
One of the seven cores from the 95°W area, 147K, was subsampled along

its length to examine element trends with depth (see Figure 5.4.8).

The elements reported in Figure 5.4.8 generally show, to varying degrees,
an association with Fe or Mn. The decrease in Mn content below about

30 cms can be ascribed to reducing conditions in the lower sections of

the core, caused by the oxidation of organic matter (Bonatti et al.,

1871). Changes in redox conditions from top to bottom of the core are N

responsible for enrichment of Mn, Ni and Co in the upper layer of
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sediment. The mechanism responsible for postdepositional mobility of
the elements is by diffusion through interstitial pore solutions (Lymm

and Bonatti, 1965).

The profiles for core 147K indicate some similarity between the variations
in concentration of Mn, Ni, Co.and Zn. V and Cu increase to their

highest levels in the depth interval, 75 - 100 cms. The V content can

be explained by a slight increase in the abundance of clay mingrals with
depth downcore. The very high Cu content of 2460 ppm may be due to the
fixing of Cu in a sulphide phase within the reduced zome of the core,

ag shown by Bomatti et al. (1971).

Li, Pb and Ti profiles all exhibit the same shape, although Pb enrichment
is more marked between 30 and 34 cms, than that for Li and Ti. These
element associations can be explained by their incorporation in clay

minerals and to a lesser extent, in basaltic detritus.

5.4.2 Mineralogy

As stated previously, the 95°W area sediments are dominated by calecium
carbonate and identification of clay minerals is only possible after
removal of sea salt, calcium carbonate, iron oxyhydroxides and size
separation of the coarse fraction (see Appendix B). By X-ray diffraction
analyses, the coarse fraction was found to consist mainly of plagioclase,

hornblende and minor quartz.

The clay mineralogy of the <0.5ffraction is dominated by smectite with

only minor chlorite. The air-~dried smectite with a basal spacing (001)

of 14.33, expanded to 17.98 upon glyceration and collapsed to less than

9.98, upon heating to 550%¢ {see Table 5.4.1). Chlorite gave only minor
peaks when the air dried and glycerated traces were studied. However, _
chlorite was unequivocally identified in the heat treated samples and
gave its most prominent peak at 13.98 which is slightly shifted from
the normal 14.23, for the (001) diffraction,

Table 5.4.1 shows the chemistry of the 3 smectite-rich clay fractioms -

analysed and the chemistry of DOMES area smectite for comparison,



TABLE 5.4.1. Geochemistry and Mineralogy of «0.5» Fraction of 95% Area Sediments.

Core Depth Major Elements as Oxides in % Minor Elements in ppm.
(cms) 8102 A1203 Fe203 Mgo Ca0 Na20 K20 TiO2 P205 MnO2 Li Sr Ba vV Cr
160K  100-125 39.9 13.72 7.32 1.68 9.68 1.05 0.29 0.23 0.60 0,09 17 520 995 1ll6 35

160K 200-225 46.9 6.31 7.57 3,36 3.67 2,69 0,34 0,31 0.30 0.14 37 190 1660 210 49

164G GRAB 44,2 11.7 8.24 8.70 4.13 2.03 0.21 0.617 0.23 0.16 17 200 400 139 82
DOMES smectite 45.7 14.1 9.24 5.46 0.88 3.49 2.24 0,65 ND 0.52 ND ND 500 ND ND
{Hein et al.

1979}

Minor Elements in ppm.

d(ool) Air 4{00l} Gly- 4{O0L)

Mo Co Ni Cu 2n Pb *Mineralogy Dried R cerated R SSOOC R
160K 100-125 4.2 26 132 263 385 59 S+C 14.3 ., 17.9 9.8
160K 200-225 5.6 47 320 280 492 40 5+C 14.3 17.7 9.5
164G GRAB 6.2 26 81 134 231 21 S+C 14.3 17.9 9.9
DOMES smectite  ND 200 500 1100 1300 ND S . _ .
(Hein et al. '
1979)

Analyses expressed to 3 significant figures except for majors {1% and minor elements < 100ppu
* 3 = Smectite C = Chlorite (in order of abundance}.

ND = NOT DETERMINED.
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taken from Hein et al. (1979). It should be noted that the high
level of Sr and Ca in 160K (100 - 125 cms) suggests the incomplete

removal of CaCO Generally, the level of SiOZ, Fe, Mg, Na and Ti

are broadly similar, although variations do exist. DOMES smectite
is higher than 95°W smectites in Al, K and Mn (see Table 5.4.1),
whereas Ca is appreciably higher in 95°W smectites. TFe/Al ratios
range from 0.9 to 2.6 in 95°W area smectiteswhile DOMES smectite
has an Fe/Al of 0.9. Of the trace metals, Co, Ni, Cu and Zn zre
more enriched in DOMES smectites which are located in the equatorial
North Pacific trace metal—-enriched Mn nodule belt (Hein et al., 1979).
Although Ba is more enriched in 95°W smectites, the DOMES authigenic
smectites exhibit greater concentrations of trace metals. In spite
of the differences outlined above, 95°W smectite composition,
although variable, is broadly similar to DOMES smectite and is

typical of an Fe-rich montmorillonite, as was found for the clay

fraction of GRAFZI area sediments.

5.4.3 Element Associations

Significant correlations at the 99.97 confidence .level for the 34
samples from the De Steiguer Deep Area are reported in Table 5.4.2.

The analysis of element correlations is used to confirm the
associations between certain elements in the downcore profiles

(Section 5.4.1) and to identify further element associations. Na

and K correlate positively with Mg, La, V, Co, Ni and Zn, and it has
already been noted that Na and K are dominantly associated with clay
minerals in deep-sea sediments (Welby, 1958). Therefore, it is

likely that these elements occupy smectite sites in 95°W area
sediments, as found in the GRAFZI area. Mg and Al show strong positive
correlation with Fe, Si02, Ti, ¥V and Co. In summary, element
associations confirm the previously stated hypothesis that, in order
of importance, clay minerals and FeTi basalt detritus are the major
element suppliers in the non—-carbonate fraction of 95%% area sediments.

The purity of the CaC0. phase is confirmed by the fact that CaCO3

3
only correlates with Sr. The correlation of La with P appears to -

confirm the possibility that lanthanide phosphates, namely skeletal
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apatite, occurs in 95°W area sediments. No correlations of trace
‘metals with Mn occur, suggesting the quantitative unimportance of
Mn oxides as element suppliers to 95°W area sediments, although
association of Mn with trace metals was found previcusly in 146D

and 160K sediments.

5.5 FUIURE EXPLORATION FOR HYDROTHERMAL DEPOSITS IN THE DE STEIGUER
DEEP AREA

The maximum Mn content of 4.77 in De Steiguer Deep Area surface

‘sediments is found in dredge 146D, compared to a maximum in GRAFZI
sediments of 8.27 Mn. Moore and Vogt (1976) reportéd the finding

of hydrothermal Mn oxides at Stations D6 and D9 (see Figure 5.1.1}.
Station 146D is positioned between these twe hydrothermal Mn oxide
localities, and on crust less than 2 million years old. Sampling at
Station 146D also recovered Fe hydroxide—-stained basalts, providing

further evidence of hydrothermal activity.

Localities D6, 146D and D9 all lie on a linear traverse perpendicular
to the G.S5.A. Moore and Vogt (1976) commented that sample D9 had a

3 mm—thick hydrogenous Mn crust overlying the h&drothermal Mn oxide
and that about 1 million years had elapsed since hydrothermal activity
ceased. This would date the termination of hydrothermal activity at
Site D9 which was at that time located on crust of 1.4 million years
of age, i.e. in the vicinity where 146D surface sediment is currently
being deposited. The implication of this is that the hydrothermalism
occurred on oceanic crust younger than 1.4 million years of age. This
is supported by a hydrothermal Mn crust from D6 (0.3 million years
crustal age) and surface sediment from 146D, which can be tenucusly
ascribed a hydrothermal origin.

Hydzsgenous precipitation of ferromanganese oxides occurred as Site D9
was transported to its present position by seaflcor spreading. It is
not known exactly where the hydrothermally active area is located but
future exploration should be focussed on the traverse between 146D and

the G.S5.A., on oceanic crust younger than about 1.4 million years old.



Two other potential exploration targets for hydrothermal deposits

exist in this area;

1. Basins where ponded metalliferous sediments may accumulate.
These structures have been well detailed as possible sites
for hydrothermal deposits (Cronan, 1980).

2. The fracture zome at 95°27'W, where structures within the

oceanic crust below the mid-ocean ridge are exposed.

The first exploration target was to some extent sampled by core 160K,
which recovered ferromanganese oxides but of a hydrogenous nature.
The second exploration target is potentially more interesting, as

the deep stockwork of a possible hydrothermal system might be exposed
(see Chapter 6), where sulphides may be deposited.
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-STUDY C CHAPTER 6

THE HESS DEEP AREA OF THE GALAPAGOS RIFT AT'lOloW,
NEAR THE PACTIFIC-CCOCOS-NAZCA PLATE TRIPLE JUNCTION

6.1 INTRODUCTION

Burnett apd Piper (1977) provided the first evidence showing that

hydrothermal deposits were to be found at 101°W on the Galapagos
Rift. These authors reported a 16 mm-~thick ferromanganese oxide

crust which formed at a rate of about 1 mm/lO3 years.

More recent investigations of this area were carried out by the R/V
"SONNE' in 1980, during the GEOMETEP cruise. Bathymetric data from
this cruise indicate that the Fe-Mn crust reported by Burnett and
Piper (1977), at a depth of 3150 m, is located considerably further
" east than the deepest part of the Hess Deep (See Figure 6.1.1).

Gordeev and Demina (1979) observed that Hess Deep near-bottom waters
contain unusually high contents of Fe, Mn, Cu and Zn in suspension

and high concentrations of these metals in solution, in the vicinity
of supposed hydrothermal vents. The authors interpreted the high
suspended concentrations of Fe, Mn, Cu and Zn as due to the adsorption
of metals by amorphous hydroxides of Fe and Mn, as proposed here for
the GRAFZI area (see Chapter 2). Anomalous metal concentrations in
suspension could be detected in seawater at a distance of up to

2500 m from the bottom of the Hess Deep (Gordeev and Demina, 1979)}.

Further evidence of hydrothermal processes operatiné in the Hess Deep
was given by the discovery of hydrothermal talc (Murdmaa and Rozanova,
1976) and serpentine (Schmitz et al., 1982). Both of these minerals
have been found to have a hydrothermal origin in the Red Sea (Backer,
1976; Schneider and Schumann, 1979). Hydrothermal talc and serpentine
have also been reported in the Gulf of California (Lonsdale et al.,
1980) and at the 21°N site on the E.P.R. (Oudin, 1983), respectively.
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The present study utilises 45 sediment samples (from 12. cores, 4 -
dredge barrels, 1 grab -~ see Figure 6.1.1) reéovered from the 101°W

area of the Galapagos Rift, during the GEOMETEP cruise of 1980.

Besides this regionél approach, a more localised study of the Hess

Deep is included and is based upon 21 samples from the R/V 'DISCOVERY'
cruise of 1980. These samples comprise 2 cores, 1 mud pellet and 1
ferromanganese oxide-coated pebble. Sediments from the Hess Deep and
from the Galapagos Rift, in the 101% area, are different in éomposition

and are treated separately in the following sections.

6.2 GEOLOGY, BATHYMETRY AND STRUCTURE

6.2.1 The 101°W Area of the Galapagos Rift
Bey (1977) and Lomnsdale (1977a) considered that the Cocos and Nazca

Plates formed approximately 25 million years ago, due to the break-up

of the ancient Farallon Plate. This break-up is thought to have
occurred in the vicinity of the Marquesas Fracture Zonme. Since then,
the Triple Junction (i.e. the Pacific—-Cocos-Nazca Plate Triple Junctiom)
has shifted from about 5°S to its present position, at 2°11'N and
102°10'W (Hey et al., 1972).

Hey et al, (1972) observed that seafloor spreading from the 3 spreading
axes caused a wedge of crust accretedfrom the Galapagos Spreading Axis

(G.S.A.). This wedge is flanked by marginal highs and is much rougher

topographically than crustal material formed from the faster aécreting

E.P.R. The wedge-shaped crust, which widens to 90 Kms at its eastward

extremity, is also about 400 m shallower than the E.P.R. flanks.

‘However, topographic variation is pronounced, varying from 2190 m on

the G.S.A. flanks to over 5000 m in the Hess Deep. This Deep is
located some 50 ¥ms from the Triple Junction and from this point the
Galapagos Rift widens eastwards, with the oldest crust dated at 30

million years of age (Hey et al., 1972).

Lonsdale (1977a) stressed that morphological differences between the
Galapagos Rift; with a deep axial valley flanked by topographically
irregular crust; and thg E.P.R.;. typically with an axial 100 to 400 m
high ridge of about 10 to 30 Kms width; could be explained by spreading

rate differences. Hey et al. (1977) found differences in spreading



%
|
|
|
|
|

KEY
® FE-MN CRUST

(Burnett & Piper,1977)

|
|
|

174

100°00 W

15 W

[]
' 30 W 15w 00 W 45 W 30 W

45 W

o
"
i
R
]
0
&
a
%
)
-
o
(&}
Py
5
4
0
©
Y]
4
@
F
1
o
-t
¢
s
Y
0
o m ;
+ L
m , | L
g ; FIRR:
) ] =)
3 M =
. Fi ;\ TAMWIN 7 o
- : i NNEEFE 0
. _W..u..,..\
< fﬁ» N\ \ ..
m f ! i
R mﬁ /// .
| 97 s : H
B _ , 3
B R
= = = = L=z = L=
- - - - ; n o
3 2 3 2 2 E K
o, N o, a, ~ » -

100°

100°

100°

101°

101°

101°

101°

102°

00'W



FIG. 6.3.2..
Coring Stations in

Hess

Deep

(Bathymetric lines every 100 metres)

N.Miles

107 34

Y

2 8

’
o 186

[

b 14

212“4

101 27"




rates for the Panama Fracture Zone area of the G.S.A. (72 mm/year) and
the Triple Junction area of the G.S.A. (42 mm/year). These are
responsible for maintaining the wedge-shaped structure of crust accreted
from the G.S.A. The same authors also observed asymmetric acceretion

on the Galapagos Rift and the magnetic record suggests. that this is

due to small, discrete jumps of the G.S.A. in a southerly direction,

both forming and destroying tramsform faults.

The wedge~shaped topographically irregular crust, in the 101°% area,
which is flanked by marginal highs was mapped during the R/V 'SONNE'
cruise of 1980 and is shown, along with station locations, in Figure
6.2.1.

6.2.2 The Hess Deep, at 101°30'wW
The Hess Deep was described by Hey et al. (1972) and bathymetric data

from this work show that the maximum water depth is about 5440 m. The
R/V 'DISCOVERY' bathymetric chart is shown in Figure 6.2.2., along

with station locations (the Section A-B is referred to later).

The Deep occupies a unique position, at the apex of the wedge-shaped
crust formed at the G.S.A. Zonenshain et al. (1980) included the

Hess Deep within this wedge, while Lonsdale (1977a) stated that the
Hess Deep is an extensiomal split in relatively old oceanic crust that
has been invaded by the lengthening magma chamber beneath the G.S.A.

He also suggestedthat the Hess Deep walls are tilted and uplifted parts
of the east flanmk of the E.P.R.

The differences of opinion concerning the Hess Deep, i.e. whether it
is located on E.P.R. crust or on crust accreted from the G.5.A., in
part, stem from the peorly-defined limits of the structure itself.
From the bathymetriec data now available, the writer has taken the
Hess Deep to be that area lying deeper than the 4000 m contour, in

the 101°30'y area, as such depths are unusual for typical Eastern

Pacific spreading centres.
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6.3 SAMPLE DESCRIPTION

The 45 sediments that were taken from the GEOMETEP cruise have been
sub-divided. Six of them (from core 188K) were located within the
Hess Deep and are discussed later. The remaining 39 samples came

from the 101°W area, outside of the Hess Deep.

6.3.1 The 101°W Area of the Galapagos Rift

The grain size of all top sediment samples from the cores studied is
dominated by the 7?63 fraction, due to the presence of abundant
foraminifera. However, the silt and clay fraction, i.e. less than
630, increases up to more than 30Z at depth in some cores. The

cores generally display changes in colour with increasing depth,
typically from dark to light yellowish brown (10 YR 4/2, 10 YR 6/4 -
see Appendix D) to grayish yellow green (5 GY 7/2) and pale olive

(10 Y 6/2). Occasionally, thin volcanic ash bands can be found in the

lower portions of the cores, with fragments up to 8 mm in size.

Dredges in the 101°W area recovered ferromanganese oxide - stained
basalts and also sediment samples with the carbonate fraction in
various states of dissolution. A smear slide study of these sediments,
from various water depths, indicates that foraminifera are badly
corroded between 3450 and 3882 m and this is related to the C.C.D.

(see Section 6.4).

6.3.2 The Hess Deep

Twenty seven samples from the Hess Deep were recovered during the
two crulses mentioned above and the sedimentology of some of these

samples is described below.

Station 10176 (Depth = 5122 m)

The coreonly retrieved one ferromanganese oxide-coated pebble of 7 cms
diameter. A 1 cm—thick ferromanganese oxide crust was taken from the
side of the pebble interpreted as the top, while a 2 mm-thick ferro-
manganese oxide coating was sampled from the bottom, where a shark's

tooth was found.



FIG. 6.3.1. Core descriptions for stations taken in the Hess Deep.

EBTH (cms) 188K 10173
10YR 4/2 10GY 7/2
Dark yellowish brown Pale yellowlsh green
: | with dark yellow/brown
) 5Y 5/2 18 Imotties (10YR 4/4).
0 Light olive grey. 10Y 672
Pale olive,
10YR 4/2 31 {10v 4/2
| Graylish olive.
1 10YR 5/4 39 '
7 Moderate yellowlsh brown. 10Y 6/2
RS | 51
Y
sv 5/6 {10y 4/2
Light olive brown. .
_ s : 1 10Y 4/2
6 Sl : t
z pryvyyyvey o 68 -
: imLAASRNANA] SESEEEIEEEEESEEES
/s P o) SY O 6/4
YYYVYYYYYYY criiniiniinion | Dusky yellow.
' 85
YYYYVYVVYY) 10y 6/2 10Y 4/2
"””"” Pale olive. 94
Yyryyrvvvy
226
* = Volcanic ash-rich ** = Volcanic ash-rich bands intercalated
laminations. with pale olive clay from 51-68 cms.

COLOUR CODING ACCORDING TO STANDARD U.S.G.S. AND MUNSELL
RCCK AND SOIL COLGUR CHARTS.

10174
0
7.5YR 4/4
10 Brown/Dark
brown.
. e
48 10YR 6/6 {
Brownish !
yellow.
65 ~110Y 6/2
70 ~{Pale olive.
73" 106 6/2
78 Pale green.
106 4/2 .
86 Grayish green.

* = Evidence of bioturbation.

** » Lens of ash-rich material

81



CORE
10173

( 0 = Y cmt,)
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Station 10178 (Depth = 5198 m)

One pellet of firm, red-brown mud (Hue 2.5 YR 4/4), with patches of
grayish yellow (Hue 5 GY 7/2), was recovered. Some sponge spicules
and brown semi-opaque grains are present, as is chalcedonic silica.
However, the smear slide of this sediment is dominated by reddish-

tinged green clay minerals and basaltic glass.

Station 188K (Depth = 5440 m)

This core has been documented in detail in Schmitz et al. (1982) and
consists of an upper oxidised zone of about 46 cms thickness which

is ferruginous and with little CaCO3. Below this depth, the reduced
layer extends to the core base at 226 cms depth, with some fine
volcanic ash laminations (see Figure 6.3.1). The sand-size fraction
of the core (>63r0 consists of basaltic debris and from 52 ~ 58 cms
also contains a small amount of CaCO3. The <63f*fraction of the core
inereases to a maximum of 907, between 74 and 200 c¢cms. Smear slide
analysis identified abundant biogenic silica and clay minerals in this

fraction. A description of core 188K is shown in Figure 6.3.1.

Station 10173 (Depth = 4718 m)

Core 10173 is 94 cms long, with an upper oxidised layer of about 42 cms
thickness, characterised by dark yellow, brown mottles (Hue 10 YR 4/4)
within a pale olive matrix (Hue 10 Y 6/2). Five smear glides were
taken from core 10173 (see Figure 6.3.1 and Plate 6.3.1) and the

sediments are described below.

The smear slides from the upper oxidised zome of the core contain
orange, semi-opaque, subhedral ferric hydroxides and broken fragments

of mosaic structures of spherical and spiral-shaped radiolaria. Calcite
grains (with a corroded appearance), quartz, chalcedonic silica and
sponge spicules can also be identified, along with abundant green clay
minerals occurring in aggregates and often enclosing black, opaque
fragments. With increasing depth downcore, the abundance of jagged
voleanic fragments increases and these are often rimmed with clay

minerals which become lighter in colour with depth. -
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Stattion 10174 (Depth = 4567 m)

Core 10174 is 86 cms in lemgth and has a much more pronounced upper

oxidised layer than core 10173. This layer extends to 46 cms depth
(see Figure 6.3.1 and Plate 6.3.2).. The upper sediment layer (Hue
7.5 YR 4/4, dark brown) is less indurated and less friable than the
lower sediment layer (Hue 10 G 6/2, pale greem), which shows some
disturbance due to bioturbation. The lower core is mottled with darker
grayish green patches (Hue 10 G 4/2) and with occasional ash~rich
horizons and burrow-like structures.

'
Smear slide analysis of core 10174 shows that it contains abundant
siliceous microfossils with brown clay minerals at their margins,
along with semi-opaque ferric hydroxides and rare calcite rhombs. As
in core 10173, the amount of volecanic ash fragments increases with depth,
as the clay minerals take on a green hue below the upper oxidised

sediment layer.

6.4 BULK GEQCHEMISTRY

. . . . o
As with the previous section, sediments from the 101 W area of the

Galapagos Rift and from the Hess Deep are treated separately in the
following sections due to important geochemical and mineralogical

differences between them.

6.4.1 Bulk Geochemistry of 101°W Area Sediments

According to the classification of Qlausson (1960), the 39 sediments
from the 101°W area of the Galapagos Rift, outside of the Hess Deep,
are foraminiferal marl (6 samples) and chalk (33 samples) ocozes. The
CaCO3 content ranges from 407 to 927 between water depths of 4377 m
and 3060 m.

The depth of the C.C.D. in this area was placed at about 3600 m, by

Berger et al. (1976), with a transition zone of 100 m thickness above

it, where CaCO3 contents decreased towards the C.C.D. Previous smear

slide descriptions (Section 6.3) showed the increasing effects of calcium
carbonate dissolution between 3450 m and 3882 m water depth, which -

agrees with the data of the above authors.
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Figure 6.4.1 shows the content of CaCO3 in lOlow area surface éediments,
expressed as a function of water depth. The scatter plot shows that
CaCO3 occurs below the level of the C.C.D. which is probably related to
extensive slumping of material from topographically higher locations,

as noted by Cronan and Varnavas (1981) at 9°S, on the E.P.R.

Samples from core 181K, which were located at a depth of 4377 m,

contain the least amounts of CaCO3 (40%). A maximum value of ‘463

_SiO2 for this core can be accounted for by the presence of abundant
biogenic debris and clay minerals. Basaltic debris and clay minerals
may both supply Mg and Al to sediments in the 101°W area. However,

Na, K, Mg and Al all show high concentrations in the same samples
(reported in Appendix C, on a carbomate free basis) and the quantitative
lack of basaltic debris, compared té clay minerals, suggests that the

latter is the dominant site for the elements.

Sr (maximum of 1250 ppm), La (maximum of 173 ppm) and P (maximum of
5210 ppm) are known to be associated with deep-sea carbonate sediments
and biogenic material (Arrhenius et al., 1957; El Wakeel and Riley,
1961; Emiliani, 1955). Sr-substituted foraminiferal tests and
lanthanide~rich skeletal apatite have been shown to contribute these
elements in the GRAFZI and De Steiguer Deep areas and the same is

thought to occur in 101°W area sediments.

Ti shows a maximum abundance of 2770 ppm in a sample containing 47 Al
and the association of these two elements in basaltic detritus is
common. Goldberg and Arrhenius (19538) noted basaltic, clay mineral
and Fe oxide gites for V while Horder (1979) showed a volcanogenic
origin for Li, which was present in both clay mineral and basaltic
components of the sediment. Although the maximum abundances of Li
(82 ppm) and V (371 ppm) do not occur in the sample richest in Ti,
basaltic debris, and more importantly, clay minerals, are thought to
contribute these_elements, as found elsewhere on the Galapagos Rift
(this study). Statistical analysis confirms the close association of

Ti, V and Li (see Sectiomn 6.8). -
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Co, Ni and Pb show maxima of 142 ppm, 443 ppm and 86 ppm respecfively,

in the same sample, which can be -aseribed to the adsorption of these
elements onto the oxides of Fe and Mn. To investigate the possibility

of a hydrothermal supply of elements in the 101% area, the concentrations

of Fe, Mn, Cu and Zn in surface sediments is now examined.

The spatial relationship between Fe/Mn, Cu and Zn concentrations in
surface sediments in the 101°W area is shown in Figures 6.4.2 - 6.4.4,
In the sediments, the clay mineral content is low (see Sectiom 6.3.1)
and they largely consist of CaCOB. Similarly, basaltic debris is not
common at the core tops and smear slides have shown that the dominant
source of Fe and Mn is from amorphous oxyhydroxides. The Fe/Mn ratio
may reflect to what degree these two elements have fractiomated from

a2 possible original hydrothermal source.

Burnett and Piper(1977) found an Fe-Mn oxide crust without severe
fractionation of Fe from Mn in this area. TFigure 6.4.2 shows that core
194K, at the apex of the crust accreted from the G.S.A. (Section 6.2),
and core 219K, in the marginal high area of G.5.A. accreted crust, both
show high Fe/Mn ratios and may be located near hydrothermal vents,
where Mn2+ has been dispersed in seawater (see Chapter 2) and Fe3+
precipitated as oxides. The maximum abundance of Fe (9.7%) in surface
sediment is found in dredge 178D, which is situated in the marginal
highs area. However, the Mn content of 2,12 lowers the Fe/Mn ratio

in this sample. The maximum abundance of Mn (3.0Z) in surface sediment

is found in core 200K, which is located much further south than the

other stations (see Figure 6.4.2).

Cu/Zn ratios are fairly constant and range from 0.9 to 3.3. The latter
value is found in dredge 178D sediment as shown above, containing %.7%
Fe. In the GRAFZI area, high Fe values and high Cu/Zn ratios are

found in the vieinity of hydrothermal sulphide mounds. Cu (Figure
6.4.3) and Zn (Figure 6.4.4) show maximum abundances in surface

sediments from stations 178D and 200K, respectively, which also show
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hiéh concentrations of Fe and Mn. Of interest is the observation that
maxima of Mn and Zn and of Fe and Cu in the same sample, may show the
preference of each trace element to adsorb onto Mn or Fe oxides. This
was especially important in thie GRAFZI area (see Chapter 2) where it was
found that Zn, adsorbed onto Mn oxides, was dispersed considerably

further distances than Cu, generally associated with Fe oxides.

6.4.2 Bulk Geochemistry of Hess Deep Sediments

The Hess Deep sediments studied are dominantly diatom and radiolarian
oozes. CaCO3 values range from zerc to 38.97, while SiO2 varies from
34.67 to 44.47. Some sedimentological work on these sediments has
been described in Section 6.3.2, and is typical of largely-carbonate

free sediments from below the C.C.D.

In addition to the 25 Hess Deep sediments, 2 Fe-Mn oxide encrustations
from a 7 cm diameter pebble were analysed. They are of similar com—
position, with Fe/Mn ratios of 3.0 to 3.3, and with maximum Fe and ¥n
contents of 23.37 and 7.7%, respectively. Trace metal values are very
similar to those reported for the rapidly~deposited Fe-Mn oxide crust
of Burnett and Piper (1977) with the exception of Ni, which at 870 ppm,
is less than half the value reported by these authors, of 1950 ppm.

The Fe/Mn ratio of 3.0 is greater than the 1.3 reported by Burnett

and Piper (1977), although both of these Fe-Mn oxides exhibit a lack

of severe fractionmation of Fe from Mn.

Mn is low in abundance in sediments from the Hess Deep, with a maximum

of only 1.957 and concentrations of generally about 0.3Z. Anomalous
concentrations of Mg and Ni occur in Hess Deep sediments, the former
reaching more than 16Z in cores 188K, 10173, and 10178, while Wi

commonly exceeds 1000 ppm in core 10173. 1In core 10173, below 27 cms,

the Mg and Ni content increases sharply, while this phenomena occurs

below 73 cms in core 188K. Therefore, it seems that at depth, in

cores 10173 and 188K, there is an increase in a mineral phase enriched

in Mg and Ni, and this enrichment was also noted in a mud pellet from
station 10178. ' . -



FIG.6.4.5. Element variation with depth in core 188K.
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FIG.6.4.6. Element variation with depth in core 10173,
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CORE 10173

TABLE 6.5.1. Bulk Mineralogy of Hess Deep sediments.

MINERALS IN ORDER OF ABUNDANCE

CORE 10174

MINERALS IN ORDER OF ABUNDANCE

Depth interval,..3-5
(cms) *

1.Chrysotile 2.Calcite 3.Smectite
4.Chlorite S5.Plagloclase 6.Quartz

*e 09—11

1.Chrysotlile 2,Calclite 3,Smectite
4.Chlorite 5.,Plagioclase

LI 27—29
]

1.Chrysotile 2,Smectite 3.Chlorite
4.Calcite 5.Plagloclase 6.Hornblende
7.7Kaolinite 8.7Phillipsite

ess51-53

1.Chrysotile 2,Smectite 3,Chlorite
4.Plagioclase 5.Calcite

eee13=75

1.Chrysotile 2.Calcite 3.S5mectite
4.Chlorite 5.,Plagioclase

-++90-92

1.Chrysotile 2.Calcita 3.Chlorite
4.Plagioclase 5.Hornblende
6.7Kaolinite 7.7Phillipsite

CORE CATCHER

1.Chrysotile 2.Calcite 3.Smectite
4.Chlorite 5.Plagioclase

MINERALS IN ORDER OF ABUNDANCE(data

from Schmitz et al.{(1982) & this work.)

1.Chlorite 2.Smectite 3.Plagioclase
4.Chrysotile 5.Calcite 6.Hornblende
7.Diopside 8.Quartz 9.Kaolinite

Depth interval..4-6
{cms) :
0013-15

.« 44-46

e 46-‘48

- .48-50

.«56-58

0058-70

L 79-81

CORE CATCHER

1.Calcite 2.Smectite 3,.Chlorite
4.Plagioclase 5.Hornblende 6.Quartz

1] L1 H-

" |1} "
.

1.Calcite 2.Smectite 3.Chlorite
4.Plagloclase S5.Hornblende S.Quartz
7.Diopside B8.Pyrophyllite

CORE 10178-MUD PELLET

1.Smectite 2.Chrysotile 3.Calcite
4.Chlorite 5.Plag. 6.Diopside 7.Qtz.

1.Chrysotile 2.Smectite 3.Chlorite
4 .Hydrotalcite 5.Plag. 6.Diopside

CORE 188K
c-c0-46 N
T .. 46-66
--070-200
KEY -~ *

= CHRYSOTILE ABUNDANT
CHRYSOTILE = Mg51,0,(0H)

MINERALS IN ORDER OF ABUNDANCE | MAJOR PEAKS IDENTIFIED
1.Chrysotile 7.24k,3.65R
2.Talc 9. 34& 3.12%,1.694
3.I1lite 10. 3R 2. 59A 2.53-2.494
4.Chlorite 14. 3R 4. 73% 3.558
5.Smectite 14.3A,4.51R,1.531

; TALC = Mg,51,0,{OH),

H PYROPHYLLITE = 512514010 (0]‘”2

6l
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Within the depth interval 73~75 cms, in core 10173, the Cu content
reaches the highest level in all of the sediments analysed, 1140 ppm.
Bonatti et al. (1971} noted that immobiligation of Cu in the sulphide
phase may occur in the reduced layer of deep—sea sediments. Rozanova
(1976) found troilite and pyrrhotite in Hess'Deep sediments, although
no Cu~-rich sﬁlphides were found. This work did not identify Cu

sulphides by X.R.D. but they may be present in minor amounts.

Element Vartations with Depth

Elemaht variations with depth in cores 188K, 10173 and 10174 are shown
in Figures 6.4.5 - 6.4.7. The Mn content of the cores is low but
decreases sharply below 46 cms in core 10174, which is the depth to
which the oxidised zone extends. The profiles of Co, and to a lesser
extent Cu, are similar to that of Mn, decreasing below 46 cms in core
10174, However, Cu rises sharply in the reduced zone of cores 10173
and 10174 (see above). Fe and 8102 tend to show a fairly constant
composition down the cores, but Fe increases between 48 and 58 cms

in core 10174, while CaC0, decreases within this depth interval.

The concentrations of Mg and Wi in the cores appear to be linked and
this can be seen in cores 188K, 10173 and 10174 (see Figures 6.4.5 -
6.4.7). The inference from this observation is that there is a mineral-
ogical control on the abundances of Mg and Ni, which varies with core

depth.

6.5 BULX MINERALOGY OF HESS DEEP SEDIMENTS

The results from X-ray diffraction analysis (see Appendix B) of bulk
samples of Hess Deep sediments are shown in Table 6.5.1. Chrysotile,
a gserpentine miperal with the formula Mg351205(0H)4’ dominates the
mineralogical assemblage in core 10173, core 10178 and in the lower
sections of core 188K. Major peaks for this mineral occur at 7.24 -
7.29 & and 3.65 8. Talc, MgBSiAOIO(OH)Z’ is abundant in core 10178,
with major peaks at 9.34% and 3.12 K, and a mineral identified as

hydrotalcite by Schmitz et al. (1982), was found in the chrysotile-rich



Pable 6.6.1. Geochemistry and Mineralogy of the<0.5u Fraction of Hess Deep Sediments

Core  Depth Major Elements as Oxides in % % Ox- Minor Elements in ppm
{cms) Si02 Al203 Fez03 Mg0 Ca0 Nap0 K20 TiOp P20 MnO» ides Li Sr Ba VvV Cr
188K  15-20 48,6 5,57 10.1 6.53 0.94 3.1?2 0.49 0.26 0.28 0.11 76 23 38 &30 73 52
188K  52-58 50.6 4,96 10.6 8.84 1.05 1.50 0.38 0.24 0.22 0.10 79 19 55 1550 64 &9
10173 3-5 41.0 2.01 7.55 24.3 O.66 1.98 0.19 0,11 0.42 0.13 78 9 27 178 | 43 92
10173 73-75 36,4 1.34 7.16 28.6 1.19 1.33 0.14 0.06 0.12 0.17 77 10 97 &9 37 112.
10173 c.C. 35.8 1.55 6.50 30.9 0.66 2.23 0.08 0.13 0.28 0.11 78 T 44 24 41 97
10174 . 4-6 29.1 2.16 - 7.22 3.56 0.90 8.88 0.19 0.08 0.37 0.09 53 12 52 920 29 29
10174.r48—50 34.7 1.59 10.1 2.19 2,23 10.8 0.52 0.04 0.46 0.10 63 g 71 400 77 27
1017 68-70 31.2 1.137 7.98 2,09 1.72 8.34 0.28 0.03 0.42 0.08 54 8 63 500 230 47
10174 C.C. 45.9 1.92 13.5 3.44 2.22 31.09 0.31 0.05 0.46 0.15 71 14 %0 810 79 139
s Minor Elements in ppm d{001) Air d(001} Gly- d(00l) 550°C
Mo Co Ni Cu Ag Zn Pb °*Mineralogy dried & cerated &
188K 15-20 10 52 181 460 2.1 450 48 S + C + CL 13,2 17.9 10.1
188K 52-58 7 75 280 490 (1.0 230 13 S+ C+ CL 12.4 18.2 10.1
10173 i-5 12 59 710 330 2.6 190 16 C + S + CL 14.9 17.9 9.7
10173 73-75 10 173 1360 1570 1.3 210 23 C+ 8 + CL 14.7 17.9 10.0
10173 C.C. 11 82 1190 290 1.8 141 <5 C+ 5+ CL 14.7 17.9 10.0
10174 4-6 8 13 89 330 1.8 200 22 S+ CL + C 12.2 16.6 9.8
10174 48-50 6 17 67 200 6.2 95 25 5 + CL 13.9 17.9 10.0
10174 68-70 7 25 as 460 5.4 111 17 S 12.5 17.3 9.5
10174 C.C. g8 30 lo04 370 4.4 280 20 5+« CL 13.2 16.1 9.5

Analyses expressed to 3 significant figures except for majors <1% and minor elements <10C ppm.
* C= Chrysotile, S5 =

Smectite, CI, = Chlorite

C.C. =

core catcher

g6l

- s

[
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lower sections of 188K. Minor occurrences of pyrophyllite (see

Table 6.5.1), AlZSikolo(OH)z’ occur in the core catcher sample from
core 10174. The minerals chrysotile and to a lesser extent talc,

(see Figure 6.5.1) account for the high concentrations of Mg (see
Section 6.4.2) in Hess Deep sediments. A common analogue of chrysotile,
which displays Ni-substitution for Mg in octahedral sites (Springer,
1974), is gérnierite (Brindley and Brown, 1980), (Mg,Ni)3Si205(0H)&,

and this may explain the anomalous Ni concentrations found in.Hess Deep

sediments, produced by Ni-substitution in the chrysotile structure.

Clay minerals are discussed in more detail in Section 6.6 and it is
sufficient to note that chlorite and smectite are common in Hess Deep
sediments and minor amounts of kaolinite and the zeolite, phillipsite
are also present. Some differences were found in this work to the clay

mineral identification of Schmitz et al. {1982).

Minerals normally assodiaﬁed with detrital ultramafic igneous rocks
include plagioclase (ubiguitous to all Hess Deep sediments), hornblende,
and diopside which are all common in minor amounts in the sediments
studied. The association of minerals normally regarded as metamorplkic
in origin (i.e. chrysotile, talc and pyrophyllite), with detrital phases
from ultramafic igneous rocks is detailed in Section 6.9 and is

commonly ascribed to the hydration and serpentinisation of peridotites
{(Christensen, 1972).

6.6 THE €0.5MFRACTION OF HESS DEEP SEDIMENTS

6.6.1 Geochemistry of the {0.5MFraction

The €<0.5p fraction of 9 Hess Deep sediments was studied after the
removal of 'sea—~salts, calcium carbonate, and Fe-Mn oxides (see Appendix
B). The geochemistry of these samples is shown in Table 6.6.1, with a
brief description of the mineralogy (see Section 6.6.2) which consists
of a mixed chrysotile, smectite and chlorite assemblage. The geo-—
chemistry is not representative of any one mineral but a mixture of
minerals, with the exception of sediment from core 10174 (68 - 70 cms),

where only smectite was identified.
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The composition of the clay minerals is variable and on the assﬁmption
that, 100%Z - 7 oxides {calculated from chemical analyses) T Z water,
then 6 samples contain between approximately 21Z and 297 water, which
compares with an ignition loss of 187 for the DOMES smectite of Hein et
al. (1979). However, 3 samples contain low % oxide contents of 537,
547 and 637 (Table 6.6.1), coupled with a high Na content. This is
likely to be due to the dilution of the clay fraction with excess
sodium dithionite reagent (see Appendix B) which was not removed during
washing. This dilution effect is supported by the relatively low SiO

2
contents of these 3 samples.

The Mg content of the samples reflects the chrysotile abundance (see
Section 6.53), particularly in core 10173 where Mg reaches a maximum of
18.6 7 (MgO = 30.9%Z). Core 188K displays lower levels of Mg eurichment
while core 10174 contains a maximum of only 2.2% Mg (3.6% Mg(Q, see
Table 6.6.1) and this can be explained by the lack of chrysotile, only
identified in trace amounts in the top sediment of this core. The Fe
content increases as chrysotile abundance decreases and this reflects
the increasing smectite contribution to the clay fraction. The true
chemical composition of the smectite canmot be accurately detailed as
the only sample which appears to contain only smectite, yields a very
low 7 oxide content (Table 6.6.1) and therefore is presumed to be con—

taminated with sodium dithionite.

Enrichment of Cr (112 ppm), Co (173 ppm), Ni (1360 ppm) and Cu (1570

ppm} is shown by the chrysotile-rich samples. These trace metal
enrichments, with the exception of Cu, were also found for Mid-Atlantic
Ridge serpentinites (Bonatti et al., 1973). The high level of Cu found
between 73 and 75 ems in core 10173 has also been described in downcore
element profiles (see Sectiom 6.4.2) and ascribed to the possible presence
of fine sulphide particles. The trace element geochemistry of upper
sediment layers from core 188K and sediment from core 10174 is different
to that of sediment from core 10173. Ba, V and to a lesser extent, Li,
Ag, Zn and Pb, are enriched in chrysotile-depleted sediments of a

smectite—-chlorite mineralogy. -
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6.6.2 Mineralogy of the <0.5MFraction

Two important differences emerged from the present work and that of
Schmitz et al. (1982), in regard to the clay mineralogy of Hess Deep

sediments.

1. A "high-charge" smectite was identified by Schmitz et al, (1982)
on the basis of no observed expansion of the lattice, after
treatment with glycerol. The present work on the same sediment
layer, produced an expansion of 12.4 2 to 18.2 R, upon glyceration,
with a subsequent collapse of the smectite structure to 10.1 X,

upon heating to 550°C (see Table 6.6.1).

2. Chlorite was not identified by Schmitz et al. (1982) but they
observed a mineral with a peak at 14.25 3. However, these authors
did identify kaolinite in core 188K. Chlorite was identified
unequivocally (this work) by thermal analysis at SSOOC, whereupon
the (00l1) reflection was found to be enhanced relative to the (002)
reflection. Also, the (00l) peak was slightly shifted from 14.1 2

to 13.9 R, as is normal for chlorites (Brindley and Brown, 1980).

This work suggests that the 14.25 X mineral of Schmitz et al. (1982) may
be chlorite. KXaolinite peaks disappear upon heating to 550°C and although
the (002) chlorite and (001) kaolinite have similar d-spacings at about
7.1 R, the presence of peaks at 550°C favours chlorite. The only
kaolinite found in this work was identified by high angle (28) peaks

and this mineral was present in only small amounts.

6.7 SCANNING ELECTRON MICROSCOPY

Scanning Electron Microscopy, S.E.M. (see Appendix B), was used to

examine the morphology and to pbsitively identify minerals and structures

present in Hess Deep sediments. Biogenic debris, in the form of diatoms,

radiolaria and coccoliths are found in abundance throughcut the

sediments (Plates 6.7.1 = 6.7.3). Bundles of fibrous chrysotile,

9 - 16M by 18 - 27p~, are common (Plates 6.7.2 and 6.7.3) and appear

to be concentrated in localiged areaé which is contrary to the findings -
of Sclmitz et al. (1982) who reported that 2M;c1inochrysotile was only

iarely bundled into sheaths.



PLATE 6.7.1. 129

Coccolith with wafer-thin
coating,on larger diatom.

FIELD OF VIEW = 6 IN BOTH
DIMENSIONS.

PLATE 6.7.7.
Fibrous sheath of chrysotile
(lower middle of frame) in a

matrix nf silicenus micrn-
fossils.

FIELD OF VIEW = 38 IN BOTH
DIMENSIONS.

PLATE 6.7.3.

Fibrous chrysntile and
abundant siliceous microfnssil
fragments.

FIELD OF VIEW = 45/’IN POTH
DIMENSIONS.
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PLATE 6.7.4.

Large clast of primary mineral,pseudomorphed by
chrysotile (centre of frame),with linear organic
structure indicating dissolution by its etched nature.

FIELD OF VIEW = 2?‘3//‘" IN BOTH DIMENSIONS.

PLATE 6.7.5.

Large clast shown in PLATE 6.%.4. at higher magnificatinn
and displaying a fibrous nature.

FTIELD OF VIEW = 4’3}]"* IN BOTH DIMENSTONS.
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PLATE 6.7.6.

Highly magnified view of the large clast displaying
individual fibres of chrysntile.

FIELD OF VIEW - 4.‘»/"‘ IN BOTH DIMENSTONS.

PLATE 6.7.7.

Rectangular platelets of talc with individual fibres
of chrysotile.

FIELD OF VIEW = 15M IN BOTH DIMENSIONS.
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Evidence is shown in Plates 6.7.4 - 6.7.6 of serpentlne fibres fhat )
formed from the degradation of a precursor mineral, assumed to be either
pyroxene or olivine (see Section 6.9). The sequence of Plates 6.7.4 -
6.7.6 show the pseudomorphing of a primary mafic mineral (50" by 110/

by chrysotile fibres, at progressively higher magnifications.

Tale was identified previously by X.R.D. and is shown intimately
associated with fibrous chrysotile in Plate 6.7.7. The small platelets
of tale have the dimensions of 3M by 8/ The association of éerpentine
and talc is important in terms of the genesis of the assemblage, as
Seyfried and Dibble (1978) have shown that interaction of mantle-
derived peridotite with sea-water at elevated temperatures and pressures
results in the replacement of enstatite (pyroxene) by talc., In this

, 2+ .
system, talc then reacts with seawater Mg to generate serpentine.

6.8 ELEMENT ASSOCIATIONS

6.8.1 Sediments from the 101°W Area of the Galapagos Rift

Correlations significant at the 99.97 confidence level for 101°% area
sediments are shown in Table 6.8.1. Na and K correlate positively
with Al, Fe, Li, La, Ti, V, Cu, Zn, Pb and P, but not with SiCz. Mg
correlates positively with Al, Fe, SiOZ, Ti, Co, Ni and Pb. Al
displays a similar pattern to the correlations of Na, K and Mg. These
element associations have been described elsewhere on the Galapagos
Rift and support geochemical data (Section 6.4.1), in confirmation

of element sites in clay minerals, basaltic detritus and sea-salts.

Mn does not correlate with any elements except P, which attests to

the relative unimportance of Mn oxides as suppliers of trace metals

to 101°W area sediments. Of the remaining correlatibns, only Sr with
CaCO3 and La with P suggest input of an element from one source only,
namely calcareous microfossil remains and skeletal apatite, respectively,

which indicates the polygenetic nature of the sediments.

6£.8.2 Sediments from the Hess Deep

Correlations reported in Table 6.8.1 are significant at the 99.97 level

of confidence. The more interesting correlations include the lack of
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association of K with Mg, Co and Ni and of Mg with CaCO3, Li and La.
This indicates that Mg is not associated with the phases common in
Galapagos Rift pelagic sediments (i.e. smectites, sea-salts,
carbonates) but is quantitatively associated with chrysotile, as are
Ni and to a lesse;‘extent, Co. The positive correlation of Fe and
Mn and trace metals (see Table 6.8.2) is thought to reflect minor

abundances of ferromanganese oxides.

6.9 SERPENTINISATION AND THE ORIGIN OF SERPENTINE-RICH SEDIMENTS
IN THE HESS DEEP

6.9.1 The Serpentinisation Process

An understanding of the process of serpentinisation and the minerals
formed is essential in order to interpret the data accumulated on Hess
Deep sediments. An outline of the major points of interest follows

and is largely taken from the review of Moody (1976).

Ultramafic complexes commonly feature lizardite, chrysotile, magnetite
I brucite % antigorite among their alteration products. Lizardite -
chrysofile assemblages are more common than antigorite which is formed
in a higher pressure/temperature regime. The ultramafic complexes
largely comprise dunite, harzburgite and lherzolite rock types (Wyllie,
1976; Coleman, 1971; Moores, 1973) with olivine, orthopyroxene,

clinopyroxene and chromite as the major minerals.

A feature of the serpentinisation of an olivine~rich peridotite (Moody,
1976) is a locally-reducing environment, indicated by the presence of
native Fe and low-~sulphur sulphides. One of the major reactions in
the serpentinisation process can be summarised as follows:-
6Mg25i04 + Mg35i4°10(°H)2 + 9H20 = SMgBSiZOS(OH)Z
(Forsterite) (Tale) : *(Chrysotile)

<.« after Chernosky (1973)

This reaction and the chrysotile - talc - forsterite assemblage was

found to occur at temperatures of about 420°C and pressures up to 7
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kilobars. Lizardite and chrysotile span the zeolite - prehnite/

pumpellyite ~ lower greenschist facies of metamorphism.

The Hess Deep serpentine assemﬁlage is exclusively chrysotile. Wicks
(1969) observed that lizardite grows with ease on an olivine substrate
whereas chrysotile does not. The inference for Hess Deep sediments

is that original lizardite may have beem replaced by chrysotile and
this commonly occurs in the late stages of serpentinisation. '0'Neil
(pers. comm. in Moody, 1976) has stated that it is likely that the
lizardite - chrysotile assemblage doeg not form at temperatures in

excess of 200°C.
The features of the serpentinisation process described above and the
mineralogy produced are related below to Hess Deep serpentine-rich

sediments.

6.9.2 The Origin of Hess Deep Serpentine-rich Sediments

There is some evidence that hydrothermal solutions are supplying Fe,
Mn, Cu and Zn to Hess Deep bottom waters (Gordeev and Demina, 1979).
However, the report of discoveries of authigenic troilite, pyrrhotite
and cerolite (a mixture of a talc-like silicate, a non-ordered inter-
stratification, and serpentine} by Rozanova (1976) and the identifi-
cation of clinochrysotile by Schmitz et al. (1982), both ascribed an
hydrothermal origin, may have to be revised in the light of the present
work. Rozanova (1976) states that "the reaction between thermal
solutions and calcitic foraminiferal tests has caused replacement of
caleite by magnesian silicates and has enriched the solutions in Ca2+
and 6032-" and that this occurred at around 450°C. Schmitz et al.
(1982) also cite an origin of precipitation from a hydrothermal
solution for clinochrysotile, inferred largely from the lack of any

ultramafic primary precursor minerals.

The present work has shown direct evidence for the growth of chrysotile
from a precursor mineral which has been pseudomorphed (see Section .6.7).

It is suggested therefore that the interpretations of Rozanova (1976) _



and Schmitz et al. (1982) need modification because of this visual
evidence and a mumber of other arguments, as follows. First,
significant amounts of unaltered primary minerals would not be expected
if serpentinisation is extemsive. Second, chemical evidence from
experimental work (e.g. Seyfried and Mottl, 1977) shows that Mg is
quantitively depleted in hydrothermal solutions_and this is difficult
to reconcile with the precipitation of a Mg-ricﬁ silicate from such a
solution. Third, the presence of pyrrhotite and troilite in Héss

Deep sediments cannot be used to prove a hydrothermal origin for the
serpentine mineral as low—sulphur sulphides are commonly associated

with serpentinised ultramafic material.

In support of the above argument are the data accumulated from other
occurrences of talc and serpenéine minerals in the World Ocean. The
discovery of hydrothermal talc from the Gulf of Califormia (Lonsdale
et al., 1980) confirms experimental evidence regarding Mg~depletion
in hydrothermal solutions as this talc is Fe-rich, in contrast to the
Mg~rich talc of the Hess Deep which suggests a different origin for
the latter. Chrysotile has been reported from the 37°N area of the
Mid-Atlantic Ridge (Hoffert et al., 1978). The authors noted that
olivine was replaced by chrysotile and no support was given for the

"Cehmitz et al."-type of hydrothermal chrysotile precipitatiom.

0f the many occurrences of oceanic serpentinites, the sedimentary
serpentinites (i.e. reworked and sedimented serpentinised rocks) from
the Romanche Fracture Zone of the Mid-Atlantic Ridge (Bonatti et al.,
1973) are most similar to those of the Hess Deep. The lizardite -
clinochrysotile assemblage found in indurated sediments was formed by
"gravity-sliding, slumping and turbidity current tramsport of
serpentinite masses originating from the upper levels of ultramafic
transverse ridges in the Romanche Fracture Zone'", (Bonatti et al, 1973).
Classic turbidite sequences with layering and graded bedding were

reported by these authors. Turbidite sediments were reported to be
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common in the Hess Deep (Schmitz et al., 1982) where steep scar#
slopes occur in water depths up to 5440 metres and where serpentinised

peridotites might be expected (Christensen, 1972).

Although no signs of graded bedding were found in Hess Deep sediments,
the persistence of CaCO3 well below the C.C.D. and the presence of
volcanic ash-rich layers suggest pelagic turbidity current actiom,

under gravity, from the steep scarp slopes of the Deep.

It is considered on the basis of the work described above that Hess

Deep serpentines originated from serpentinised peridotite material which
has been incorporated in sediments by turbidity curremt activity, slumping
and gravity slides, rather than by hydrothermal precipitation in situ.

The presence of smectite can be ascribed to alteration in the marine

enviromment of a serpentine mineral, as found by Boillot et al. (1980).

The conclusions reached in the previous paragraph do not allow for the

in situ hydrothermal precipitation of chrysotile and low-sulphur sulphides.
However, a hydrothermal supply of trace metals in Hess Deep bottom

waters (Gordeev and Demina, 1979) provides some evidence of the existence

of hydrothermal activity in the Deep.

Figure 6.9.1 shows a cross-section (A-B, see Figure 6.2.2) of the Hess
Deep, with the locations of the serpentine-rich sediments. The station
locations do not lie on section line A-B but they have been projected

onto Figure 6.9.1, as they lie in the immediate vicinity.
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PART 2

THE EAST PACIFIC RISE SPREADING CENTRE

INTRODUCTION

STUDY D

Chapter 7 The Quebrada Fracture Zone at 4°3 on the
East Pacific Rise.

STUDY E

Chapter 8 The 10°S Area of the East Pacific Rise

STUDY F

Chapter 9 The 13 - 15°S Area of the East Pacific Rise

STUDY G

Chapter 10 The 19 - 21°S Area of the East Pacific Rise
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INTRODUCTION

The seven study areas investigated in this thesis and their locations
on the East Pacific Rise and Galapagos Rift are shown in Figure 2.
Study areas D, E, F and G on the E.P.R. form Part 2 of this thesis

and were sampled during the GEOMETEP (Geothermal Metallogenesis

Eastern Pacific) cruise of 1980. 1In order to explain the aims of

this cruise it is necessary to describe the background of metalliferous

sediment investigations on the E.P.R., south of the equator.

Revelle (1944) and E1 Wakeel and Riley (1961) reported the presence of
metal-enriched pelagic sediments on the E.P.R., but the credit for the
discovery of what are now regarded as metalliferous sediments belongs
to Bostrom and Peterson (1966). These authors found enhanced concen-
trations of Fe, Mn, Cu, Cr, Ni and Pb in the sediments. At about the
same time, Bomatti and Joensuu (1966) reported a hydrothermal Fe and
Mn oxide deposit, located on the summit of the AMPH D2 seamount at

10°S on the E.P.R., which showed extreme fractionation of Fe from Mn.

The anomalously metal-enriched E.P.R. sediments are characterised by
high values of Fe and Mn extending to a depth of at least 6 m below
the sediment/water interface (Bostrom and Peterson, 1969). The Fe,
Mn-rich (and Al, Ti-poor) nature of the sediments led Bostrom and
co-workers to adopt élement ratios in an attempt to characterise metal-
liferous sediments. However, the validity of using the metal/Al ratio,
e.z. (Fe + Mn)/Al (Bostrom, 1973), has been called into question
(McArthur and Elderfield, 1977) and recently, Dymond (1981) has

postulated a possible hydrothermal source for Al.

Heath and Dymond (1977) suggested a polygenetic origin for metalliferous
sediments on the Nazeca Plate portion of the E.P.R. whose geochemistry

could be accounted for by varying proportions of four factors:-
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1. Hydrothermal
2. Detrital
3. Hydrogenous
4, Biogenic

For example, at the E.P.R. crest, the hydrothermal component can account
for 80% or more of the sediment (Dymond, 1981). Recent work by Heath
and Dymond (1981) has added a fifth component to the above model termed
the 'solution residue' factor, formed upon the dissolution of biogenic

debris.

Dymond et al. (1973) found that the colloidal hydrothermal ferro—
manganese oxide precipitates typical of metalliferous sediments showed
little evidence of bulk chemical changes with time or diagenetic

alteration. This has been confirmed by Marchig and Gundlach (1982).

In recent years, discoveries have been made of low temperature,
hydrothermal Fe montmorillonite from the E.P.R. at 10°S (McMurtry and
Yeh, 1981) and more recently, polymetallic sulphides at 20°S (Francheteau
and Ballard, in press). Thus, the full fractionation sequence of
sulphides, silicates, iron and manganese oxides of the Red Sea model

has now been found on the E.P.R., south of the equator, but not all in
the same place,indicating that at each location found, we are only

seeing part of the fractiomation sequence.

The work outlined above was used in the selection of certain sites on
the E.P.R. for sampling during the GEOMETEP cruise. The following study
is on deposits obtained on that cruise and orientated towards using the
results produced to aid in the development of geochemical exploration
methods for submarine hydrothermal deposits based on multi-element
techniques. Based on this work, a number of exploration targets have

been identified.
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STUDY b CHAPTER 7

THE QUEBRADA FRACTURE ZONE SYSTEM AT 4°3 ON THE E.P.R.

7.1 INTRODUCTION

A detailed study of sedimentation processes in the 4°S area is hampered-

by the extremely limjted number of samples (13) obtained from the
GEOMETEP cruise of 1980. These 13 sediments were taken from 2 cores
and 3 dredges in the Quebrada Fracture Zone (Q.F.Z.) area, shown .in

Figure 7.2.1.

7.2 GEOLOGY, BATHYMETRY AND STRUCTURE OF THE 405 AREA
Surface-~ship reconnaissance during Expedition PLEIADES 1, 1976

(Lonsdale, 1977a) showed that the E.P.R., between the equator and the
Q.F.Z., 1is characterised by a long spreading axis orthogonal to
infrequent transform faults (see Figure 7.2.1). The Q.F.Z. .system
represents the first major offset of the E.P.R., south of the Triple
Junction,for 600 Kms (Lonsdale, 1977a).

Between 3°50'S and &030'8, the E.P.R. crest is offset right-laterally

by a complex and imperfectly surveyed system of faults. This 400 Km
offset was mapped as a pair of transform zones (the Q.F.Z. and the

Gofar Fracture Zone, G.F.Z., of Lonsdale, 1977a), with an intervening

50 Km long spreading axis at 106°%40'W (see Figures 7.2.1 and 7.2.2.).
Each transform zome is approximately 50 Kms wide, with several

en echelon faults. Pelagic sedimentation rates were measured at 2.2 cms
per 1000 years in this area (Lonsdale, 1977b). This area of the E.P.R.
was initiated as an active spreading centre 5.4 million yeérs ago (Rea,

1975), as activity shifted from the fossil Galapagos Rise to the E,P.R.

According to amalysis of earthquake epicentres (&ndersom and Sclater,
1972), the Q.F.Z. strikes at 105° and a maximum depth of 4700 m was

encountered at dredge station 225D. However, Mammerickx et al. (1975)
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FIG.7.2.1. Regional structure and plate tectonic setting of the

East Pacific Rise between the Triple Junction and the
Quebrada /Gofar TransformZone.

{from Lonsdale,1977a). ;
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FIG.7.2.2.

Bathymetry of the Quebrada Fracture Zone located in the 4°s area of the East Pacific Rise. '
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located a "hole” at 4°35'S and 105°05'W, with a maximum depth of 4905 m,
which is approaching depths found in the Hess Deep (see Chapter 6). -

7.3 SAMPLE DESCRIPTION
The 2 cores sampled display a change in colour down their lengths, from
light yellowish brown (10 YR 6/4) to pale greemish yellow(l0 Y 8/2),

coupled with an increase in the silt and clay fraction (X 63) of the
sediment. Sediments and basalts were recovered from water depths
between 4453 m and 4697 m during dredge 225D and the sediment consists
of silty and sandy-grade material with samé calcareous and biogenic

debris. Fragments of volcanic glass are also included in this sediment.

The dredged basalts from this area show some palagonitisation, and

some have a thin veneer of Fe-Mn oxides. The pillow lavas are plagio—
clase and olivine-phyric. Smear slides show badly preserved foraminifera
from depths between 3721 m and 3933 m and these depths appear to

coincide with the supposed depth of the C.C.D. in this area, estimated

at around 3600 m to 4000 m, by Berger et al. (1976).

7.4 BULK GEQCHEMISTRY (SEE APPENDIX C)

Although data is very limited, a brief description of certain interesting
element concentrations is justified, CaCO3 cbntent varies from 157 to
977 and the sediments are dominantly foraminiferal chalk cozes. Data
expressed on a carbonate-free basis (see Appendix C) at high values of
CaCO3 should be treated with caution, as a small error in CaCO3 deter-
mination will drastically alter the correction factor applied to the
other elements. This appears to be the case for the high metal values

in sediment from dredge 227D (see Appendix C).

High values of Al, Ti and V in sediments from dredges 225D and 232D,
illustrate the abundance of volcanogenic components in sediments from
the sparsely-sedimented scarp slopes of the north wall of the Q.F.Z.
In the Q.F.Z., contrary to the findings in the GRAFZI area, the Cu

content of sediments exceeds the Zn content. High Cu (467 ppm) and
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Pb (135 ppm) values occur in the same sample but neither Fe or Mn
values are high, which makes it difficult to explain the concentration

of Cu and Pb, in terms of adsorption onto Fe and Mn oxides.

7.5 CONCLUSION

The extremely limited data and the nature of the samples preclude the
assignation of a hydrothermal or a hydrogenous origin to the thin Fe -
Mn oxide films found on dredged rocks from this area. It is not possible
to rule out hydrothermal activity in the Q.F.Z. but insufficient

evidence exists to verify its presence.
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STUDY E "CHAPTER 8

- THE 10°S AREA OF THE EAST PACIFIC RISE

8.1 INTRODUCTION
A total of 18 samples were collected from the 10°S area of the E.P.R.

during the GEOMETEP cruise of 1980. They consist of sediments: from 3
dredges, 3 Van Veén grabs and 1 kasten or box-core. Data from these
samples supplement data from previous detailed studies in the 10°s
area (e.g. Dasch, 1981; Dymond, 1981; Heath and Dymond, 1981;
McMurtry et al., 1981; McMurtry and Yeh, 1981; Veeh, 1981; Veeh
and Bostrom, 1971). The locations of 12 cores described in these

other works are shown later.

8.2 GEOLOGY, BATHYMETRY AND STRUCTURE OF THE lOOS AREA
The geology, bathymetry and structure of the 10°S area of the E.P.R.
has been studied in detail by Rea (1975 amd 1976). The axis of the

E.P.R. is represented by a topographic block, 15 Kms wide and 300 to
350 m high, flanked by 100 to 200 m high abyssal hills which are 3
to 5 Kms wide.

Rea (1976) observed an axial block offset of about 10 Kms, in a left
lateral direction, at lOOS, while a similar offset, in a right lateral
direction, occurs at 11°%30's. Magnetic anomaly data indicates that
these left and right lateral transform faults formed between 1.7 to 0.9
million years age and 0.7 million years ago to present day, respectively
{(Rea, 1976). The author interpreted the small axial offsets as a

result of either brief episodes of asymmetric seafloor spreading or
discrete "jumps" of the site of spreading activity, with beth axial

shifts to the west.

Seafloor spreading was initiated on the E.P.R. between 9°S and 13930°'S

in the late Miocene, about 8.2 million years ago (Rea, 1876). The
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seafloor spreading rates, during the last 1.7 million years, have
equalled 8 cms per year westwards and 7.7 cms per year eastwards,
totalling a separation rate of 15.7 cms per year. Van Andel et al.
(1976) observed a broad 'shoal' zone to the west of the E.P.R. and
south of 10°S, which may be related to the slightly asymmetric spread-

ing rate.

The 10°S area of the E.P.R. is shown in Figure 8.2.1, where tlhe E.P.R.
axis trends approximately along 018° and is defined by depths shallower
than 3000 m (Rea, 1976), with minimum depths of 2700 m. Station
locations from the GEOMETEF éruise and other works are also shown

in Figure 8.2.1. The umusual topographic high, located east of the
E.P.R. axis, and with horizomntal dimensions of 60 Kms by 20 Kms,
represents the multi-summited, AMPH D2 seamount of Bonatti and Joensuu
(1966), which is elongated perpendicular to the E.P.R. axis. The

seamount spans a depth range from 1800 to 3200 m.

8.3 SAMPLE DESCRIPTION

Sediments from the 10°S area vary in grain size and colour, from
chocolate brown sediment from dredge 92D, to light beige, coarse
globigerina sands of grab 97G. The remaining sediments are generally
light beige foraminiferal carbonates but with subtle variations in
colour between the two extremes mentioned above. Thin Fe~Mn crusts

were found coating basalts from dredge 96D,

8.4 SURFACE SEDIMENT GEOCHEMISTRY

A synthesis of all data, both from this study and from previous works,
allows a detailed analysis of the geochemistry of surface sediments
from the 10°S area. The GEOMETEP sediments can be classified as fora-
miniferal chalk oozes (see Appendix C) and results are reported omn a
carbonate free basis, with the exception of grab 97G sediment which

consists almost entirely of CaCO3.

Van Andel et al. (1976) placed the lysocline at about 3700 m in this
area while Berger et al. (1976) placed the C.C.D. at between 400C and -

4500 m water depth. Therefore, carbonate dissolution is not a process
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FIG.8.4.2. Mn in surface sediments from the 10°S area. °
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FIG.8.4.3. Cu in surface sediments from the 1005 area.
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FIG.8.4.4. Zn in surface sediments from the ‘1003 area.
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which is 1likely to affect the geochemical composition of the sediments

studied, all of which are from depths shallower than the lysocline.

The majority of surface sediments shown in Figures 8.4.1 to 8.4.4 are
located within a 50 Fm diameter zone about the E.P.R. axis and the
concentrations of Fe, Mn, Cu and Zn should therefore reflect hydro—
thermal contributions to the sediment. Dymond (1981) noted that the
hydrothermal component of sediments was generally greater thaﬁ 807,
within 100 Fms of the E.P.R. axis.

Fe

Within the immediate vicinity of the E.P.R. axis, Fe values in surface
sediment exceed 207 (Figure 8.4.1), reaching a maximum of 27.87 in
core 6 (see core location in Figure 8.2.1). Fe contents reported for
GEOMETEP sediments are lower than those reported by Dymond (1981) and
this is probably largely due to the closer proximity to the E.P.R.

axis of the samples of the latter author.

The bulk of the GEOMETEP surface sediments which are, in the most part,
concentrated around the AMPH D2 seamount to the east of the E.P.R. axis,
contain lower amounts of Fe than those immediately adjacent to the
spreading axis. In the case of sediment from stations 96D and 97G,

only 2.3%Z Fe (carbonate free data) and 0.1% Fe (raw data) were detected.
The latter sample consists almost entirely of CaC03. These low Fe
contents demonstrate the sharp fractionation of Fe that can occur in
the vicinity of a hydrothermal centre, i.e. the AMPH D2 Fe oxide

deposit of Bonmatti and Joensuu (1966).

Mn

The Mn distribution in 10°S area surface sediments (Figure 8.4.2)

shows that while Mn is generally greater than 7.5% on the west flank

of the E.P.R., only one sediment sample (from core 10) contains this
amount of Mn on the east flank. In sediments adjacent to the E.P.R.
axis, but on the east side, Mn concentrations vary between 5.0 and 7.537%.
GEOMETEP surface sediments from around the AMPH D2 seamount often

contain less than 5% Mn, with a minimum of 0.4%Z Mn =. station 96D.



The AMPH D2 deposit (Bonatti and Joensuu, 1966) contains Mn oxide crus
with up to 397 Mn. However, nc great eprichment in Mn can be detected
in surface sediments from the vicinity which further suggests a highly
fractionated, spatially-restricted hydrothermal system there (see
later).

Cu .
Cu is most enriched in sediments located about 20 to 30 Kms from the
E.P.R. axis (Figure 8.4.3) and also in core 11, from the base of the
southerly slope of- the AMPH D2 seamount. In these sediments, Cu
concentrations exceed 1200 ppm, with a maximum of 1370 ppm in core

6 (see core location in Figure 8.2.1), from the E.P.R. west flank.

The high Cu content found in core 1l coincides with a high Fe/Mn ratio

in the sediment.

n

The highest concentrations of Zn found in the 10°5 area (Figure 8.4.4)
are contained in sediments from the crestal area of the E.P.R. A
maximum of 550 ppm Zn can be found in core 6, which alsc contains the
highest concentrations of Fe, Mn-and Cu. The distribution of Zn about
the crestal area of the E.P.R. appears to be more uniform than that of
Cu.

Cu/in

Crestal E.P.R. surface sediments yield Cu/Zn ratios which occupy a

narrow range from 2.35 to 2.95. However, the maximum value for the
Cu/Zn ratio, 3.51, is found in core 11. The uniformity of the Cu/Zn
ratio in crestal sediments has also been observed in the 13° - 15%%

area of the E.P.R. (see Chapter 9).

A closer inspection of GEOMETEP surface sediments shows that the Cu/Zn
ratio of 0.25, observed for surface sediment from statiom 96D, is the

lowest found in the 10°S area. This sample also had the highest Fe/Mn
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ratio, 6.43, and therefore, would appear to contain more Fe, relative

to Mn, and more Zn, relative to Cu, than any other sediment from this
area. The association of Fe with Cu along with high-Cu/Zn ratios in
proximal hydrothermal deposits, has been noted in the GRAFZI area (see
Chapter 2). The abundance.of Zn, 350 ppm, in the statiom 96D saﬁpie is
compatible with the observatiom that this sample is highly fractionated,
with respect to the Fe/Mn ratio, compared to the original deposit _
described by Bonatti and Joensuu (1966}. Thus, the 96D surface sediment
metal concentrations can be considered as distal to the hydrothermal

source, compared to the AMPH D2 Fe oxide deposit.

Similarly, a low Cu/Zn ratio of 0.84 is found in surface sediment from
Station 99D. Following the above argument that high Cu/Zn ratios occur
in the immediate vicinity of hydrothermal vents, then station 99D can

also be considered as distal to a hydrothermal source (see later).

8.5 DOWNCORE SEDIMENT GEQCHEMISTRY

The previous section has described the surface distribution of hydro-

thermally derived elements in the 10°S area. In order-to investigate
possible diagenetic changes within older sediments and temporal
variations in hydrothermal activity, it is necessary to study downcore
sediments. The 300 cor-long core 98K represents the only core collected
from the 10°3 area during the GEOMETEP cruise of 1980. However, data is
also available from the Y71-7-44P core (core 9, see Figure 8.2.1) of
Heath and Dymond (1981), which is 464 cms long.

Heath and Dymond (1981) noted that "even mildly reducing conditions in
the sediments lead to depletion of Mn downcore" in the 10°S area. Core
9 contains 6.6% Mn at 7 cms depth and 1.57 Mn at 67 cms depth. A
similar decrease in Mn content from 3.5% to 1.7% occurs below 50 cms

in core 98K. The cause of this is the diagenetic remobilisation of Mn
under reducing conditions (Lynn and Bomatti, 1965). Fe, Mg to a lesser
extent, and the trace metals, Li, La, V, Co, Ni, Cu, Zn, Pb and P, are
also reduced in concentration below about 50 cms depth. However,

between 200 and 225 cms depth in core 98K, increased concentrations of
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Fe (10Z), Mn (2.67Z), and certain trace elements (e.g. Li, La, Ti, V,

Co, Ni, Cu, Zn and P), indicate a past period of hydrothermal

activity. TFurthermore, the increases observed in Al and Ti contents
within this dépth interval suggest the presence of more abundant
volcanogenic debris, confirmed by smear- slide analysis. Similarly,

core 9 (Heath and Dymond, 1981) also show increased metal concentrations,
at 212 and 228 cms depth.

It is possible to date the hydrothermal episode at between 194,000
and 221,000 years ago for the depth interval 200 to 228 cms, using
the mean sedimentation rate data for the 10°S area, from Heath and
Dymond (1981), of 0.97 cms/1000 years. Dymond and Veeh (1975)
independently measured the sedimentation rate of a core from this
area and arrived at the value of 0.93 cms/1000 years, which agrees
with the work of Heath and Dymond (1981). Core 9 which is now located
31 RKms to the east of the E.P.R. axis, would have been located 16 Ems
from the axis at the end of this hydrothermal episode, assuming a
half-spreading rate of 7.7 cms/year (Rea, 1976). Similarly, core 98K
which is now located 55 Kms to the east of the E.P.R. axis, would

have been located about 40 Kms from the axis.

8.6 DISCUSSION '

It has been shown that lesser contributions of the hydrothermal com—
ponent of 10°S area sediments, from the east flank of the E.P.R., have
been deposited since 194,000 years ago. It has also been shown that
concentrations of metals increased in the upper layers of the two
cores studied. Increased concentrations of Fe, Cu and Zn in west
flank surface sediments (Heath and Dymond, 1981) and the discovery of
hydrothermal Fe-montmorillonites in 10°S area surface sediments from
both flanks of the E.P.R. (McMurtry and Yeh, 1981), strongly support a
recent increased supply of the hydrothermal component of sediments.
Heath and Dymond (1981) estimated that this component comprised 627

of east flank surface sediments and 78% of west flank surface sediments.
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In terms of absolute metal contents (Heath and Dymond, 1981) and U/Th
ratios (Veeh, 1981), there is a marked asymmetry in 10°S sediments
from the west and east flanks of the E.P.R. The former authors
postulated a recent change in near-bottom current circulation that
now is responsible for sweeping hydrothermal debris westwards. There
is some support for this hypothesis, from work in the 13° - 159

area (see Chapter 9), where the same asymmetry in metal contents of
surface sediments is observed. Reid (1981) found a west to south west
direction for the flow of mid-depth currents in this general area.
McMurtry et al. (1981) showed that lower accumulation rates observed
for Fe and Mn, in the 10°3 area, were due to loss of the metalliferous
component of sediment due to bottom current activity, but these authors

suggested movement to the north.

Although downcore sediment data is limited, it is possible to conclude
that upon transport of sediment ocutside the zone of most intense
hydrothermal activity, by seafloor spreading, the E.P.R. east flank
cores have received reduced contributions of hydrothermal precipitates.
This is possibly due to the inception of the westward flow of bottom
currents which have been dated at a2 similar time, between 169,000 to
236,000 years ago, in the 13° - 15°3 area of the E.P.R. (this work).

In addition, the decrease in metal concentrations observed in sediments
deposited between 194,000 years and until recently, may simply reflect
increased distance from source areas along the axial region of the
E.P.R. However, renewed hydrothermal activity has recently supplied
both west and east flank surface sediments in the axial region of the
E.P.R. with increased metal contents, (e.g. Fe, Cu and Zn) along with
low temperature, colleidally-transported, hydrothermal Fe montmorillonites
(McMurtry and Yeh, 1981).

Besides the regional supply of metals from hydrothermal activity
associated with the crestal region of the E.P.R., there is also a
smaller hydrothermal system centred on the AMPH D2 Fe oxide deposit

of Bonatti and Joensuu (1966). The deposit fits into the 'goethite-
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.

amorphous ferric hydroxide' facies of the Red Sea deposits (Bischoff,
1969). Metallogenesis associated with seamounts is known in the
following -locations — the GRAFZI area (see Chapter 2); Loihi
submarine volcano, Hawaii (Malahoff et al., 1982); Larson's Seamounts,
E.P.R., 21°§ (Lonsdale et al,, 1982). The latter hydrothermal deposit
is particularly interesting due to similarities with the AMPH D2
deposit, both in the type of deposit and its location, i.e. off-axis,
but adjacent to the E.P.R. The style of hydrothermal process'‘is
distinctly different from that observed regionally over the E.P.R.
axis. Hydrothermal activity is much more localised and the extreme
fractionation of Fe from Mn and Cu from Zn is attested to by the
presence of both Fe oxide rocks and Mn oxide rocks in the same dredge
haul and also the low Cu/Zn ratio observed in adjacent station 96D

surface sediment.

It is not known whether polymetallic sulphides exist near the AMPH D2
Fe oxide deposit, either at the surface, or at depth. However, poly-
metallic sulphides dominated by Cu, have been found associated with Fe
oxide deposits in the Larson's Seamounts (Lonsdale et al., 1982), To
carry the analogy further, the eastern summit of the AMPH D2 seamount
is most distant from the E.P.R., axis and it is here that the Fe oxides
were found, as in Larson's Seamounts. The nearest, most eastermn,
voleano to the E.P.R. axis in Larson's Seamounts contains polymetallic
sulphides while the nearest, most western, volcano of the AMPH D2
seamount has been largely unexplored. However, station 99D sediment
contains low Fe/Mn and Cu/Zn ratiocs which may be indicative of a distal
hydrothermal facies. On this basis, the western summit of the AMPH D2

seamount should be a future exploration target.

Dating of the AMPH D2 Fe oxide deposit by U series isotopes indicates
that it was formed less than 8,000 years ago (Veeh and Bostrom, 1971).
This evidence proves that the deposit formed cleose to its present
distance from the E.P.R. axis. As the western summit of the seamount-

structure is located nearer to the source of seafloor spreading, it is
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interesting to speculate whether the increased proximity to the heat
source may allow the formation of a hiéher temperature sulphide deposit

on the sea—-bed thers.

Finally, the high Cu content and high Fe/Mn and Cu/Zn ratios observed
for surface sediment from core 11, located at the base of the socutherly
| slope of the eastern summit of the AMPH D2 seamount, may suggest an
adjacent hydrothermal vent. However, equally feasible, is an origin

of this sediment from slumping of material from the summit of the sea-
mount, where the AMPH D2 Fe oxide deposit is located. Bostrom et al.
(1974) have noted the importance of winnowing of fine—grained hydro—
thermal precipitates on topographic highs located near the E.P.R.,

and redeposition at greater depths. Cronan and Varnavas (1981) also
noted ponding of hydrothermal precipitates in basins on the floor of

the Wilkes Fracture Zome at 9°S, on the E.P.R.

8.7 CONCLUSIONS

The following conclusions may be drawn from the above data:-

1. Two types of hydrothermal activity have produced the high Fe, Mn,
Cu and Zn contents in 10°S area sediments. They are:=
(i) Regional hydrothermal activity associated with the axial
zone of the E.P.R.

(1ii) Localised seamount hydrothermal activity.

2. The most extensive hydrothermal activity, type (i), has affected
the whole axial zome of the E.P.R. at 10°S. Relatively constant
Cu/Zn ratios and abundances of these elements typify.crestal

sediments.

3. Westward flowing béttom currents have produced an asymmetry in metal
concentrations in sediments from the west and east flanks of the
E.P.R. West flank surface sediments are more emnriched in the hydro-
thermal component than are east flank sediments (Heath and Dymond,
1981}.
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Since 194,000 years ago, until recently, east flank sediments
have received lesser amounts of hydrothermally derived metals
which may, in part, be due to seafloor spreading away from the
axial source of supply. In additiom, the initiation of westward-
flowing bottom curreuts at around 194,000 years ago, as found in
the 13 - 159S area (see Chapter 9), may be partly responsible for

the differences observed.

A recent hydrothermal episode has enriched 1093 "area surface
sediments In Fe, Mn, Cu and Zn, present in ferromanganese oxides.
McMurtry and Yeh (1981) have also shown the presence of low temper-
ature, hydrothermal,colloidally-transported Fe-montmorillonites in

these sediments.

The second type of hydrothermal activity is more localised and is
centred at the AMPH D2 Fe oxide deposit (Bonatti and Joensuu, 1966).
This system is highly fractionated with regard to Fe/Mn and Cu/Zn

ratios observed in sediments.

By analogy with Larsen's Seamounts (Lonsdale et al., 1982), the
westermmost summit of the AMPH D2 seamount has considevrable

potential for polymetallic sulphide occurrence.
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STUDY F CHAPTER 9

THE 13 - 15°S AREA OF THE EAST PACIFIC RISE

9.1 INTRODUCTION
The GEOMETEP cruise of 1980 investigated the E.P.R. between latitudes

13 - 15°S and recovered 1:30 gsamples comprising 126 sediments and 4
ferromanganese oxide crusts from the stations shown in Figure %.1.1.

Twenty-three of these samples represent surface sediments.

A bathymetric survey was conducted in the Garret Fracture Zome at 13°30'S
(see Figure 9.2.1) and this is the only part of the 13 - 15%S area where

bathymetric data is available.

9.2 GEQLOGY, BATHYMETRY AND STRUCTURE OF THE 13 - 15°S AREA
The history of the E.P.R., south of the Pacific-Cocos—Nazca Plate Triple

Junction, has been mentioned elsewhere (see Chapters 7 and 8). In
summary, re-orientation of plates in the Central and Eastern Pacific

in Miocene time, produced a 900 Km westward shift in seafloor spreading
activity, from the Galapagos Rise to the E.P.R. This shift or "jump"
has been extensively studied (e.g. Anderson and Sclater, 1972; Anderson
et al., 1974 and 1978; Handschumacher, 1976; Herron, 1972; Mammerickx
et al., 1975; Rea et al., 1973; Rea, 1975 and 1976; Sclater et al.,
1971). Plate tectonic reconstructions of this event rely upon magnetic
anomaly data, bathymetric data, seafloor age-depth relationships and .
earthquake fault-plane solutions. Generally, the above authors agree
that seafloor spreading migrated from the Galapagos Rise to the E.P.R.
between 20 and 6.million years ago. Seafloor spreading activity on the
E.P.R. was initiated about 20 million years ago between 35 = 15%
{Herron, 1972; Handschumacher; 1976). North of 1505, up to the-
Galapagos Rift — E.P.R. Triple Junction, the initiation of seafloor
spreading activity has been variably dated at 6.5 million years
{Anderson and Sclater, 1972), 8.2 million years (Rea, 1976) and 10

million years (Herron, 1972; Bandschumacher, 1976).
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FIG.9.2.1.Bathymetry of the Garret Fracture Zone at 13030'S,on the E.P.R.
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The above evidence suggests that the Garret—Fracture Zone, at 13930'8,
separates segments of the E.P.R. which started seafloor spreading
processes at different times. The segment of the E.P.R. south of the
Garret Fracture Zomne started accreting lithospheric material about 10
million years before the northern segment (Mammerickx et al., 1975).
These authors have attempted to correlate the Garret Fracture Zome

with the Tuamotu Fracture Zone to the west and the Mendana Fracture
Zone to the east. As a corollary of this, the Garret Fracture Zone may
represent part of the ancestral fracture zone system which originally

sinistrally offset the Galapagos Rise.

Early evidence for the existence of the Garret Fracture Zone was reported
during the Scripps Institution expeditions CAPRICORN (in 1952),

DOWNWIND (in 1957) and RISEPAC (in 1961). A dextral offset of the

E.P.R. was found, of about 110 Kms, with an azimuth of 110°, but with

a change in orientation to 10@0, west of 113°W (see Fracture Zone VII

of Mammerickx et al., 1975).: Different offsets and orientatiomns have
been found by Handschumacher (1976), who reported an offset of 184 Kms,
with an azimuth of 0950, on the basis of magnetic data, and by Anderson
et al. (1978) who found an offset of 130 Kms, with an azimuth of 115°.
The differences reported may be due to the fact that the geomagnetic
equator is located near the 14°S area of the E.P.R. and this results in
seafloor magnetic anomalies being of very low amplitude, <50 nT,
{Anderson et al., 1978). Bathymetric data from the GECMETEP cruise

show a dextral offset of the E.P.R. of about 138 Kms in the Garret Fracture
Zone, with an azimuth of 110°. The above orientations agree with the

general trend of the E.P.R. fracture zones (Anderson et al., 1974)}.

Localised large magnetic anomalies, with amplitudes up to 1250 nT, were
reported from stations in the Garret Fracture Zone by Anderson et al. .
(1978), who considered this as being due to high Fe and Ti content in
dredged basalts. Seventeen heat flow stations in the fracture zone

region, taken during expedition SOUTHTOW Leg 8, showed that E.P.R.

crestal heat flow values were low, and this was interpreted as due to

thin sediment cover (Anderson et al., 1978). Low heat flow valuas obtained

from the base of the central horst of the E.P.R. crest were interpreted

as being due to seawater circulation along the fracture zone scarp.
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In the absence of other data, the half spreading rate of 88 mm/year,
found by Rea et al. (1973) for the 119s area, can be aésumed to represent
the approximate half spreading rate in the 14°S area. Fracture zone
topography consists of a complicated zone of about 60 Kms width

(Anderson et al., 1978), with shoal regions at the intersectioms of

the E.P.R. crest with the fracture zome, interpreted by these authors

as representing volcanic piles.

Figure 9.2.1 shows the Garret Fracture Zone with a central depression
reaching depths of 4900 m. Dredge station 91D recovered greenstones
from this central depression from a depth range of 4616 to 4820 m. The
sediments, rocks and ferromanganese crusts recovered from this area are

described below.

9.3 SAMPLE DESCRIPTION

9.3.1 Sediments

The 126 sediments from 23 core, grab and dredge stations in the 13 - 15%
area of the E.P.R. consist of a suite of samples which range from variably
metal-enriched sediments through to normal pelagic foraminiferal carbonates
(see Section 9.4). The brown/dark brown colour of the most metal-enriched
samples corresponds to Hue 7.5 YR 4/4 of the colour coding system shown

in Appendix D. Smear-slide analysis of a limited number of these sediments

reveals that they comprise principally two phases; firstly, well-

. preserved and often rust—coloured foraminifera and secondly, semi-opaque

ferromanganese oxide grains, termed R.S5.0's (red-brown semi-opaque oxides)
by Yeats and Hart et al. (1976). Rarely, £ish scales and small basaltic
fragments can be found, the latter displaying characteristic concave, jagged

margins.

9.3.2 Ferromanganese Crusts

Ferromanganese oxide crusts were recovered from dredge statiomns 77D and
87D, and are shown in Plates 9.3.1 and 9.3.2. The station 77D crust was
sub-sampled in order to investigate the geochemical variation between
surface, bulk and fibrous material (see Appendix C). The part-botryoidal

and part-fibrous nature of the black, 1 cm-thick ferromanganese crust is -



239

1 pre PGE
y CHAIN,
3)

PLATE 9.3.1.

PLATE 9.3.2.




50 12 — 91 cHAIN DReDGE
G, ~ole 71

!

GREENSTONE with
white 1(,*';-1€L’9 crjshuls

0 9
| I ICH}SL, __,_I___-‘

PLATE 9.3.3.

PLATE 9.3.4.

S012—9| cHaN DREDGE
~ r“—'
t')r‘\mf.h_‘f T

l bagalt ic f]LC\FJ <

Ol I\'r'."\ﬂ(\ﬁ.
iron oXide. C r'n,L.Qj

W . L]"\ an

240



241

displayed in Plate 9.3.1. The tubular basaltic structure shown in
Plate 9.3.2 is encrusted with orange ferromanganese oxide material
which was sampled and analysed {see Appendix B). This crust is
different in habit to that from dredge 77D and the geochemical

differences are discussed later.

9.3.3 Rocks

Dredge haul 91D located in the Garret Fracture Zone recovered a great
variety of rock types from depths between 4616 and 4820 m. Two rock
samples are shown in Plates 9.3.3 and 9.3.4. The greenstone with
secondary recrystallised laths (Plate 9.3.3) is typical of the dredge
station 91D rocks described by Bideau et al. (1982). These authors
identified metagabbros and metaperidotites with stain-induced recrystal-
lisation, along with metamorphic assemblages which spanned the green-

schist and amphibolite facies.

According to Bideau et al. (1982), the ultramafic rocks of station 91D
consist of tectonites (e.g. harzburgites) and cumulates (e.g. plagioclase
dunites and olivine gabbros). These rocks have undergone plastic
deformation and cataclasis with the formation of a retrogressive
(hydrothermal) metamorphism—induced secondary mineralogy. The authors
considered that the above phenomena could be explained by lateral transfer,
off the ridge axis, of plutonic lower crust/upper mantle rocks and
subsequent emplacement on the bottom of the Garret Fracture Zone. The
close relationship between tectonic and hydrothermal activity is further
supported by the fresh basalt (Plate 9.3.4) which has a slickensided

surface covered by a coating of orange iron oxide.

9.4 SURFACE SEDIMENT GEQCHEMISTRY

9.4.1 The Garret Fracture Zone

Due to the acquisition of detailed bathymetric data from the Garret
Fracture Zone, it is possible to examine the distribution of elements and
element ratios,in surface sediments and to relate these to the topography

of the area. Such an examination allows a study of presently or recently



FIGS.9.4.1.& 9.4.2. The distribution of Ca€03 and Fe in Garret Fracture Zone surface sediments.
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FIG5.9.4.3.& 9.4.4. The distribution of Mn and Cu ip Garret Fracture Zone surface sediments.
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F1G5.9.4.5.&% 9.4.6. The distribution of Zn and Ni in Garret Fracture Zone surface sediments,
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active hydrothermal processes in the vicinity of the E.P.R. crest and
the Garret Fracture Zome. All data are reported on a carbonate free

basis, and are contained in Appendix C.

GaCOS

The CaCO3 content of all the surface sediments is greater than 607 and

so they may be termed foraminiferal chalk cozes (after Olausson, 1960).
Figure 9.4.1 shows the distribution of CaCO3 throughout the survey area
and it is found that the samples containing most CaCO3 (>80%) are

located on topographic highs.

Fe

Sediments from stations 80G and 87D contain more than 187 Fe (see Figure
9.4.2) and thus may be adjacent to hydrothermal vents. Sediment from
station 87D also contains the highest Fe/Mn ratio, 3.18, found in the
area. Station 80G is located on the northern fault scarp of the Garret
Fracture Zone, while station 87D is located to the west of the E.P.R.

axis.

Mn

The distribution of Mn in surface sediments (Figure 9.4.3) indicates that
Mn is less enriched relative to Fe at station 87D compared to other
surface sediments and that Mn is more enriched (>6Z Mn) at sites 81G

and 85G, which are distal to suspected hydrothermal vents. The maximum

Mn abundance of 6.4%Z occurs in surface sediment from station 80G.

Cu and Zn

The distributions of Cu and Zn in surface sediments from the survey area
are shown in Figures 9.4.4 and 9.4.5. Maximuﬁ values for Cu (1020 ppm)
and Zn (430 ppm) are contained in sediments from statioms 87D and 80G,
respectively. The Cu/Zn ratio of statiom 77D surface sediment , 2.7,

is the highest value found, but there is a general excess of Cu over Zn

in all of the surface sediments.

Nt
The Ni distribution (Figure 9.4.6) follows that of Mn, with a maximum

abundance of 415 ppm in 85G surface sediment. A :imi'ar Ni value, of



FIGS.9.4.7.& 9.4, 8. The distribution of P and the P/La ratioc in Garret Fracture Zone surface sediments.
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TABLE 9.4.1 Element concentrations and element ratios for station 77D and 87D Ferromanganese Crusts

Station No. Sample Type % Fe Z Mn *Co *Ni *Cu *7Zn Mn/Fe Mn/Co Mn/Ni | Mo/Cu | Mn/Zn | Fe/Cu
77D Surface Crust 0.34 46.3 29 2,330 820 3,030 136 15,970 199 565 153 4
77D Bulk Crust 0.49 45.5 21 268 88 233 a3 21,670 1,698 5,170 1,953 56
77D Fibrous Crust 0.16 46,9 137 161 44 42 293 3,423 2,913 10,660 | 11,170 36
87D Coating on Basalt 24.3 8.59 327 778 665 558 0.35 263 110 129 154 365

LINE ISLANDS CRUSTS : }
(n = 59) 17.0 20.4 5,450 3,860 1,540 590 1.2 37 53 132 346 110
(taken from Aplin, 1983)

*# Trace elements in ppm,

lve
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400 ppm, contained in station 80G surface sediment is also high in

this sample of high Fe and Mn contents (see abagve).

P

The capacity of volcanogenic Fe oxyhydroxides to remove the phosphate
ion from seawater by adsorption is well known (Bermer, 1973; Bloch,
1978; Froelich et al., 1977). The latter authors observed that P was
deposited 20 times faster on the E.P.R. crest than on its flanks.
Froelich et al. (1977) suggested that P was supplied dominantly by

seawater but that hydrothermal contributions could not be ruled out.

P concentrations exceeding 17 occur in surface sediments from stations
81G and 87D (Figure 9.4.7). Station 87Dis located near the E.P.R.

crest which may support a hydrothermal contribution for P.

P/La

The rationale for the use of the P/La ratio (Marchig et al., 1982) is
that P can be derived from hydrothermal and hydrogenous/biogenic apatite
sources (Arrhenius et al., 1957; El Wakeel and Riley, 1961), while La
is primarily derived from the latter sources (Elderfield and Greaves,
1982). The P/La ratio should increase as the hydrothermal contribution
of P increases and therefore, this ratio can be used as a tool in geo-
chemical exploration (Marchig et al., 1982). In the present work the
highest P/La ratios are found in surface sediments from stations 77D

and 87D (see Figure 9.4.8) which have previously been shown to have a

hydrothermal affinity.

Ferromanganese (rusts

A preliminary study of the chemical analyses reported in Table 9.4.1
{taken from data in Appendix C) reveals that-station 77D crusts are
much richer in Mn than is the 87D crust. An increased Fe content and
lower Mn/Fe ratioc in 87D surface sediment compared to surface sediment

from 77D, was noted earlier.

The station 87D crust has a Mn/Fe ratio of 0.35, similar to hydrothermal

ferromanganese oxide crusts from the 19 - 210§ area of the E.P.R. (see
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Chapter 10). By contrast, the extremely manganiferous crust froﬁ
station 77D with about 467 Mn and low trace metal content (see Table
9.4.1) has a Mn/Fe ratio of 93-293 and resembles the hydrothermal Mn
oxide deposit reported by Moore and Vogt (1976) from the Galapagos
Rift. Then, the two ferromanganese crusts each resemble known hydro-

thermal deposits.

Although the Fe and Mn content of all of the 4 crusts resembles' that
found in hydrothermal deposits, the Co, Ni, Cu and Zn content in the
uppermost layer of 77D crust is an order of magnitude higher than in

the 3 other crusts. This high trace metal content suggests more
hydrogenous characteristiecs for this particular sample, even though the
Mn/Fe ratio of 136 is much higher than that generally observed for
hydrogencus ferromanganese crusts. This represents a paradoxical
situation, with the Mn/Fe ratio suggesting a hydrothermal origin for

the 77D crust whilst high trace metal contents suggests hydrogenous
growth. However, absolute concentrations of trace metals canmct unequiv-
ocally designate a particular origin for the samples, but a consideration
of their element ratios, normalised to Fe or Mn, may aid in this regard.
Line Islands crusts (Aplin, 1983), shown in Table 9.4.1, represent
samples which reflect the hydrogenous end-member of ferromanganese oxide

deposits and as such provide a base for comparisonm.

The station 87D crust element ratios show that Fe and Zn have been
supplied in excess (relative to Mn), with respect to hydrogenous Line
Island crusts, whilst Co, Ni and Cu have not. The Co, Ni and Cu content
in crust 87D is lower than in the Line Island crusts, although the Mn/Cu

ratio is similar.

A study of Co, Ni, Cu and Zn in the 77D crusts, normalised to Mn,

indicates little significant incorporation of Co, Ni and Cu. However,
although Zn is low in the bulk and fibrous crusts (see Table 9.4.1), a

low Mn/Zn ratio found in surficial 77D crust could be indicative of a
hydrothermal supply of Zn in excess of that supplied hydrogenously, by
analogy with hydrothermal GRAFZI crusts which are Zn enriched. The Cu -
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FIG.9.4.1Q. Fe in 130-1508 area surface sediments.
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content of 820 ppm in surficial 77D crust is higher than in the bulk
and fibrous sub-samples and a high Cu/Zn ratio was previously observed

for statiom 77D surface sediment.

A case can thus be made for an excess supply of Zn to crusts from stations
77D and 87D, over and above the hydrogenous supply of this element. The
high trace metal contents of surficial 77D crust suggest a different rate
of supply of elements or a different growth rate for this sample, which

will be discussed later.

9.4.2 The 13 - 1575 Area of the East Pacific Rise

GEOMETEP surface sediment locatioms in the 13 - 1578 area, along with

additional samples reported by Bostrom and Peterson (1969) and Bostrom
et al. (1974), are shown in Figure 9.4.9. Distribution patterns of
element concentrations and element ratios in this area are described

helow.

Fe

The distribution of Fe in 13 - 15°S area surface sediments can be described
by three zones which trend sub—parallal to the E.P.R. axis (Figure

9.4,10). The zome on the east flank of the E.P.R. {(not shaded - Figure
9.4.10) is characterised by Fe values of less than 107Z. The central

or crestal zome encloses about 75 Kms of crust at either side of the

E.P.R. axis, on the southern segment of the E.P.R., and this zone contains
Fe valﬁes which range from 12 to 197. Further west than 75 Kms from the
axis, Fe values reach their highest, e.g. 227 (this work), although
Bostrom et al. (1974) reported 31% Fe in surface sediment from core

GS7202-35P, at 14°48'S and 113°30'W.

Mn

The Mn contents of 13 = 15°S area surface sediments are shown in Figure
9.4.11. The 3 zones described above for Fe, also apply for Mn. The
western, central and eastern zomes are characterised by Mn content of

87, 67 and 27, respectively.



FIG.9.4.12. Cu in 130-1505 area surface sediments.
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Cu

The Cu distribution in surface sediments from the 13 - 15°5 area of

the E.P.R. (Figure 9.4.12) reflects the three zomes previously described
for Fe and Mn. However, the pattern that Cu displays is different to
that of Fe and Mn. High Cu contents in surface sediments occur in 3
general areas; the area immediately west of the northern segment of

the E.P.R., the Garret Fracture Zone, and the broad area to the west

of the southern E.P.R. segment. The highest Cu‘content in surface
sediment is 1020 ppm, from sfation 87D (see Sectiom 9.4.1). High Cu
values tend to follow the E.P.R. axis, on its western flank, and also

the Garret Fracture Zone.

n

The Zn contents of 13 - 15°S area surface sediments (Figure 9.4.13) are
more uniform and lower than the copper contents. The previously described
western and crestal zomes of the E.P.R. are fused together to form an

area with 300 to 400 ppm Zn, with localised high concentrations.

Bostrom et al. (1974) reported 630 ppm Zn for surface sediment from

core GS87202-35P (see Figure 9.4.13) and 450 ppm Zn in surface sediment
occurs (this work) at the intersection of the Garret Fracture Zonme and

the southern E.P.R. segment. The east flank of the Rise contains a
maximum of 260 ppm Zn found in surface sediment from core 75K which is

located about 35 Kms east of the Rise axis.

i

The Ni distributiom im 13 - 15°S area surface sediments deviates from
the above distributions (Figure 9.4.14). High Ni values (greater than
400 ppm) extend from the west flank of the E.P.R., along the Garret
Fracture Zone and also in a lobate—shaped area, east of the Rise axis.
Ni values of 300 to 400 ppm are representative of crestal zome surface
sediments. A possible reason for the Ni distribution is discussed

later.

Cu/Zn
A Cu/Zn ratio of 2.5 separates crestal and west flank surface sediments,
from east flank surface sediments, south of the Garret Fracture Zone.

Throughout the shaded regiom (412919 9.4.15), the Cu/fZn ratio is
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relatively uniform, ranging from 2.5 to 3.0.

P/La
Three areas can be found with P/La tatios of greater thanm 200 (see
Figure 9.4.16);

1. The west flank of the E.P.R. adjacent to the northern segment of

the spreading centre.

2. An area at about 13°20'S, 112°35'W where the southern segment of

the E.P.R. intersects the Garret Fracture Zome.

3. The area at about 14950'S, 113°30'W where Bostrom et al. (1974)

reported highly metalliferous sediment from a topographic high.

All three of these areas have been identified as sites adjacent to active
hydrothermal vents, on the basis of the above data and it would appear
that the P/La ratio is equally effective in identifying hydrothermally

enriched sediments.

caco

A plot of CaCO3 versus water depth for surface sediments from the 13 = 15%
area is shown in Figure 9.4.17. The scatter of the data, even for samples
located at similar water depths, reflects the observations of Cronan and
Varnavas (1981), namely, that slumping and dilution of the CaCO3 content

of sediments by input of hydrothermal ferromanganese oxides, are wide-
spread phenomena in the vicinity of the E.P.R. Bostrom et al. (1974)
showed that sediments from topographic highs suffer loss of fine-grained
hydrothermal precipitates by winnowing and that these ﬁay be pon&ed in
topographic lows. Therefore, the CaCO3 content of 13 ~ 15°S area surface

sediments depends largely upon bottom topography.

Vartations of Elements/Element Ratios in a Ridge Normal Traverse

The contour maps of element concentrations and element ratios shownm above

can be best appreciated by plotting them against distance from the crest
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of the E.P.R. (see Figure 9.4.18). The profiles of Fe, Mn, Cu, Zn,

Ni, Fe/Mn, Cu/Zn .and P/La all show to varying degrees that the west

flank of the E.P.R. 1s considerably more enriched in metals than the

east flank. The relative uniformity of the Fe/Mn and Cu/Zn ratios,
throughout the area, are noteworthy and whilst subtle variations can

be observed, the differences are small compared to those found in highly
fractionated hydrothermal deposits observed at some mid-ocean ridge
locations (e.g. see Chapter 2 and the FAMOUS Area, Hoffert et al.,

1978).

The constant enrichment of Fe over Mn and Cu over Zn illustrate the

large area affected by a hydrothermal element supply.

9.5 GEOCHEMISTRY OF SURFACE AND BURIED SEDIMENTS FROM THE 13 - 15°S AREA

Section 9.4 describes metal enrichments in surface sediments and identifies
presently or recently active hydrothermal processes. To investigate
temporal variations in hydrothermal activity it is necessary to study
samples from greater depths in cores from the 13 - 159 area. Imprinted
upon these temporal hydrothermal variations may be changes in sediment

geochemistry caused by diagenesis.

Heath and Dymond (1977) developed a model whereby the polygenetic origin
of Nazca Plate sediments couid.be accounted for in terms of hydrothermal,
detrital, hydrogenous and biogenic components. More recent work (Dymond,
1981) has led to the addition of a fifth component, termed 'solution
residue', formed by the dissolution of biogenic debris. The same

author showed that, on a carbonate and salt free basis, surface sediments
within 100 Kms of the E.P.R. crest coﬁprise greater than 807 of the
hydrothermal component. The following work compares surface and down-
core sediments from the 13 - 15°8 area, in an attempt to illustrate
variations in the hydrothermal compoment, which is quantitatively the
most influential component, with regard to sediment geochemistry, and

also to examine the relative importance of diagenetic processes.

Table 9.5.1 shows correlation matrices for raw surface sediment and down- -

core sediment data. Values reported are significant at the 99.97 level
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FIG.9.5.3.

Zn vs Mn in 13-—15% Area sediments.
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of confidence. The geochemistry of Na, K, Mg and Ca is largely
accounted for by sea-salt, clay mineral, basaltic debris and calcium
carbonate contributions to the sediment (Chester and Aston, 1976).
Glaccum (1976) showed that zeolites may contain important amounts of
alkali metals but these minerals are not normally concentrated in areas
of rapid sedimentation, such as the E.P.R. Attention is focussed upon
correlations between the major elements, Fe, Mn and Al,and the trace
elements, Li, La, Ti, V, Co, Ni, Cu, Zn, Pb and P. B
Correlation matrices for both sets of data are very similar, with the
notable exceptions of Al with Co, and Tiwithli, La, V, Co, Ni, Cu, Zn
and P, which can only be found in downcore sediments (Table 9.5.1).
These correlations suggest that basaltic fragments are more abundant

in downcore sediments, than in surface sediments.

Scatterplots have been used to compare surface and downcore sediments
from the 13 - 15°S area. A strong positive correlation exists for Fe
with Mn (Figure 9.5.1). Both surface and downcore sediments show a
range of Fe and Mn values reflecting different amounts of hydrothermal
input of these metals, or different CaC03 contents at separate locations,
The variability observed in downcore sediment data, from depths up to

3 m in the core, can be explained by the same processes that lead to
variability in surface sediments. The strong positive correlation of

Fe withMn shows the very limited amount of fractionation that has taken
place between these two metals, which is unexpected when compared to

other hydrothermal systems where Fe is strongly fractionated from Mn.

Cu withFe, and Zn withMn, respectively, are strongly correlated (see
Figures 9.5.2 and 9.5.3). CuwithMn, and ZnwithFe, show very similar
trends, as do La, V, Co and ¥i with both Fe and Mn. The scatterplot

of PbwithMn (Figure 9.5.4) shows a less strong correlation. Dasch et
al., (1971) showed by isotopic analysis that Pb in E.P.R. metalliferous
sediments was derived from mid-ocean ridge basalts and Pb present in
volcanic debris may account for the observed scatter of the data, in the

plot of Pb versus Mn. P correlates strongly with Fe (see Table 9.5.1) -
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Mn vs P/La in 13-15S Area sediments.
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as found by Bermer (1973); Bloch (1978); Froelich et al. (1977),

due to adsorption of the phosphate ion onto volcanogenic ferric
hydroxides. The scatterplot of PwithLa shows a strong correlation
between the two elements (Figure 9.5.5). The Fe content of 13 - 15°s
area sediments correlates strongly with the P/La ratic (Figure 9.5.6)
and the plot of Mn versus the P/La ratio (Figure 9.5.7) shows a

similar trend. The highest values of Fe and the P/La ratio occur in
downcore sediments. The P/La ratio varies from less than 50, to greater
than 350, and varies in the same way as absolute Fe and Mn abundances

in 13 - 1593 sediments.

The scatterplot of Fe/Mn withAl/Ti shows two distinct fields (Figure
9.5.8). Field 1 can be described as a highly variable Fe/Mn ratio field
(2.2 to 4.7), at relatively constant Al/Ti ratios (9 to 14). Field 2
encloses data with a highly variable Al/Ti ratio (9 to 28), at relatively
constant Fe/Mn ratios (2.6 to 3.5). The most Fe-rich, Al-poor sediments
in Field 1 are downcore sediments. This may suggest that the most
metalliferous sediments from the 13 - 15°S area reflect previous hydro-
thermal events, with a high Fe/Mn ratio indicative of a proximal hydro-
thermal source (see later). Field 2 represents sediments with relative
uniformity in the Fe/Mn ratio but with varying Al/Ti ratios, caused by
fluctuations in the c¢lay mineral and basaltic detritus contents of the

sediments.

The above scatterplots and correlations indicate that although there is

a great range of metal values throughout both data sets, there are no
significant differences between surface and downcore sediments. Evid —
ently » the geochemistry of the whole 3 m cores is governed by the same
processes that are presently forming surface sediments. This observation
agrees with the work of Bostrom and Peterson (1969) and Heath and Dymond
(1981).

Dymond et al. (1973) observed that metalliferous sediments display little
tendency to recrystallise with time, although both Dymond et al. (1977)
and Marchig and Gundlach (1982) showed that amorphous ferric hydroxides

were diagenetically transformed into goethite. The above observations
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TABLE 9.5.2 - Calculations dating the period of intense hydrothermal activity in cores 61, 70, 64, 69 and 60K

(See Figure 9.5.9)

coRe w0, | vrstxc FRo £.p.R. AXIS | AGE o cRust | . DATEOF INTENSE | ®* PROJECTED DISTANCE FROM
(x 106 years) (x 103 Years)
61K BB Kms to west 1.0 203 - 236 70 ¥Kms to west
70K 75 Kms to east 0.85 236 —- 270 54 Kms to east
, 64K 123 Kms to east 1.40 236 - 270 102 Kms to east
69K 125 Kms to east 1.42 169 - 203 105 Kms 'to east
60K . 142 Kms to east 1.61 236 - 304 121 Kms to east

1. Calculated assuming a half spreading rate of 88 mm/year (Rea et al., 1973)

2. Calculated assuming a sediment accumulation rate of 0.74 cm/1000 years
(Rydell et al., 1974)

3. This distance represents the position of the core relative to the E.P.R. axis,
when intense hydrothermal activity ceased,

89¢
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and the compositional homogeneity that exists between surface and down-

core sediments, suggest that diagenesis is not responsible for substantially
modifying the geochemistry of downcore sediments studied here and that

Mn remobilisation 1s not likely to enhance the Mn content of 13 - 15°s

area surface sediments.

On the basis of the above conclusions, the metal contents throughout the
core may reflect primary temporal variations in hydrothermal activity,
An area was chosen to investigate temporal variations in hydrothermal
activity on the E.P.R., which.was not associated with Garret Fracture
Zone metallogenesis. The area chosen was the segment of the E.P.R.,
south of the Garret Fracture Zone, where some sediment accumulation rate
data are known (Rydell et al., 1974). However, it should be noted that
sediment accumulation rates may be variable and that the value used may
not be representative of the 5 cores studied. Variations in Fe content
(on a carbonate free basis) and in the Fe/Mn ratio with depth are shown
for cores 61K, 70K, 64K, 69K and 60K in Figure 9.5.9. The locations of
these cores have been shown previously, but their respective distances
from the E.P.R. axis can be seen in Table 9.5.2. The depth interval
between 175 and 200 cms generally contains the highest Fe and Fe/Mn
values, but core 61K shows a maximum Fe value of 22,57, between 150 and
175 cms, while core 69K shows a maximum Fe value of 30.97, between 125

and 150 cms.

The Fe/Mn ratio generally peaks along with the Fe content although
occasionaily the two show an inverse relationship (see core 70K between
100 and 125 cms in Figure 9.5.9). Below the most Fe enriched horizon,
the Fe contents, although variable, are higher than those from shallower
depth intervals in the & cores from the E.P.R. east flank. The E.P.R.
west flank core (i.e. 61K) shows a fairly uniform profile in Fe and Fe/Mn
values, both above and below the peak observed between 130 and 175 cms

depth.




Sediment accumulation rate data; from Rydell et al., (1974) for‘core
GS7202~35P, in the immediate vicinity of core 61K (see previous maps);
allow approximate dating of the cessation of the period of most intense
hydrothermal activity. The results of dating calculations are shown in
Table 9.5.2. TFrom the 0.74 ems/1000 yrs accumulation rate, the end of
the intense hydrothermal event occurred from approximately 169,000 to
236,000 years ago, for the 5 cores:studied. 1f the sediment accumulation
rate was too low - a possibility noted by Rydell et al. (1974) due to
sediment wimmowing-then cessation of this intense hydrothermal event may

have occurred at a younger age.

In summary, cores 61, 70, 64, 69 and 70K all received high Fe contents
between approximately 169,000 and 304,000 years ago and upon cessation
of this period of intense hydrothermal activity, these cores were
located within a 190 Km zone extending from 70 Kms west of the E.P.R.
axis, through to 121 Kms east of the E.P.R. axis (see Table 9.5.2).

9.6 DISCUSSION

Metallogenesis associated with the Garret Fracture Zone has produced
hydrothermal deposits such as Fe oxide staining on basalt (see Figure
9.3.4). Indications of hydrothermal activity, related to the north
fault scarp of the Garret Fracture Zone, were seen in extensively hydro-
thermally metamorphosed greenstomes. Although surface sediment from
station 80G contains high concentrations of Fe, Mn, Cu, Zn and Ni, it
is not known if this phenomenon has been caused by proximal fracture
zone metallogenesis, or by distal E.P.R. metallogenesis and subsequent
transport westward of particulate Fe and Mn oxides with adsorbed trace
metals. The low P/La ratieo observed in this sediment may indicate the

latter process.

Surface sediment from station 87D contains high Fe, Fe/Mn, Cu, Zn, P and
P/La values and is thought to be proximal to a hydrothermal vent. Ferro-
manganese crusts fromstations 87D and 77D are highly fractionated with

respect to Fe and Mn, the former with a much higher Fe content than the
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latter. Surface sediment from 87D with 18.5Z Fe contains 1020 ppm Cu.

While station 87D deposits may be considered as proximal hydrothermal
deposits, with characteristic high Fe and Cu contents, the crust from
station 77D shows distal affinity. The 77D ferromanganese crusts contain
about 467 Mn, The surficial crust shows evidence of an excess supply

of Zn (3030 ppm) to that which, on the basis of previous discussion
(Section 9.4.1), can be supplied hydrogenously. This particulaf sub=
sample shows an increased metal supply compared to.the other sub-samples
and may indicate a recent pulse of hydrothermal activity from a low

temperature vent, causing high Mn and Zn contents.

From a synthesis of the data presented above, two possibilities exist
which may explain the high west flank metal concentrations in the 13 - 15°s
area of the E.P.R. The first possibility involves a heat source under-
neath the west flank of the E.P.R., as found-at 20°S by Rea (1978). If
this were the case then it would be reasonable to expect isolated vent
areas there, although none have been found. The second possibility would
involve westward transport of hydrothermally derived particulate ferro—
manganese oxides, from a source near the E.P.R. axis, to a west flank
depositional site. Heath and Dymond (1981) came to this conclusion in
regard to sediments from the 10°S area of the E.P.R. The physical
homeogenisation of hydrothermal precipitates would produce a relatively
uniform hydrothermal component with constant Fe/Mn ratios, as is observed

in the present samples.

The second of the above possibilities can best explain the present data.
Metals injected into seawater near the E.P.R. axis are swept westward by
prevailing bottom currents and incorporated into west flank sediments as
particulate Fe~Mn oxides with adsorbed trace metals. Dymond (1981)
suggested that currents flow predominantly through large fracture zones,
although they may flow over the E.P.R. axis. Convincing evidence of the
westward flow of mid-depth ocean currents, over the 15°S area of the
E.P.R. has been given by Reid (1981).



9.7 CONCLUSIONS

A synthesis of all the geochemical data available from the 13 - 15°s

area of the E.P.R. indicates the following major conclusions:-

1.

There is ongoing metallogenesis associated with both the Garret

Fracture Zone and the E.P.R. crestal region.

Sediment geochemistry reveals that Fe and Cu are more enriched than
Mn and Zn, and that Fe/Mn and Cu/Zn ratios are reasonably constant

throughout the area.

The P/La ratio appears sensitive to a hydrothermal supply of metals

and can be used to locate areas contailning vents.

The geochemistry of surface and buried sediments is similar, suggesting

little diagenesis has occurred.

An investigation of temporal variations in hydrothermal activity
indicates that while metal enrichment processes on the west flank of
the E.P.R. remained fairly constant with time, this is not the case
for the east flank.

Upon transport of the core locations outside the zone of most intense
hydrothermal activity, west flank cores have been augmented in hydro-

thermal precipitates by westerly flowing mid-depth currents.

East flank core locations have been starved of hydrothermal precipitates
as a result of the westward hydrothermal effluent dispersal. This
produces an asymmetrical metal distribution over the axial region of

the E.P.R., in the 13 - 15°S area.
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STUBY G CHAPTER 10

'THE ‘19 ~ 21°S AREA OF THE EAST PACIFIC RISE

10.1 INTRODUCTION )
The 1980 GEOMETEP cruise recovered 142 samples from the 17 - 21°s area

of the E.P.R. With the exception of 12 samples taken from core 59K,
recovered near 17°S, all the remaining samples are located in the map
area shown in Figure 10.1.1. The 142 samples comprise 138 sediments

(36 surface sediments) and 4 ferromanganese oxide crusts. In the
following sections a multi-element geochemical approach is adopted in
an attempt to locate hydrothermal sources in the study area and to

study element ratios for the development of submarine mineral exploratiecm

techniques following on from work in the 13 = 15°S area (see Chapter 9).

10.2 GEOLOGY, BATHYMETRY AND STRUCTURE QF THE 19 - 2105 AREA
The bathymetry of the area is shown in Figure 10.2.1. The dextral

offset of the E.P.R. at 20°40'S corresponds to Fracture Zonme VIII of
Mammerickx et al. (1975). This offset was first located during
expedition DOWNWIND of the Scripps Institution of Oceanography. Deep
troughs of 3374 m and 3582 m were reported for this feature, with an
azimuth of 107° (Mammerickx et al., 1975). Rea and Blakely (1975) found
that the E.P.R. in the 20°S area is spreading at a rate of 162 mm/year
in the direction of 103° and that a small positive magnetic anomaly of
50 - 100 nT is associated with the axial ridge crest. The anomaly is

thought to be caused by magnetised extrusive basalt.

Rea {(1978) showed that during the last 2.4 million years, crustal
acecretion has occurred asymmetrically in the 20°s region, with half
spreading rates of 70 mm/year and 92 mm/year for west andreast flanks,
respectively. The topographic profiles across the E.P.R. crest also
show marked asymmetry, where the east flank is 100 to 150 m deeper than
the west flank (Rea, 1978). The same author found that heat flow values -
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FIG.10.2.2. Detailed bathymetry of the 19-21°S area at longitude 114°W. |

Source of data.
- The station locations shown were sampled during the GEOMETEP cruise

of 1980.The sulphide locality (S) is reported in Francheteau & Ballard
(in press) which is also the source of the map,originally described by

Rea(1978).
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FIG.10.2.3. Hydrothermal vents and sulphide deposits mapped during the R/V
MELVILLE cruise of 1981 in the area between 20 05 & 20 10 S.

The map was taken from Francheteau & Ballard (in press).
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were higher on the western flank. The dextral offset of the E.f.R. at
20040'5, which has a strike-slip displacement of 15 Kms, was interpreted
by Rea (1978), on the basis of magnetic anomaly data, as being a

30 - 40 Km wide zone of shearing and not a simple transform fault. This
fracture zone, with a maximum depth of about 3500 m (see Figure 10.2.1),
is thought to have resulted from a small jump of the site of the E.P.R.

spreading axis, around 2 million years ago.

The E.P.R. axis consists of a low ridge which is 15 Kms wide and 300 to
400 m high, with a depth ranging from 2800 to 3000 m. The surrounding
abyssal hills are 100 to 200 m high and orientated subparallel to the
E.P.R. axis. A small seamount is located mear 20°50'S and 114°40'W
(see Figure 10.2.1).

In summary, the 20°S area of the E.P.R. shows asymmetry in depth, heat
flow and spreading rates across its flanks which Rea (1978) interpreted
as being due to a heat source under the west flank, which retards
lithospheric cooling on that flank and so produces faster accretion

on the east flank.

During the expedition SEARISE II, the R/V JEAN CHARCOT mapped the 20°

to 21°30'S area of the E.P.R. following up the earlier work of Rea (1978),
shown in Figure 10.2.2. Mapping was carried out by the SEABEAM multi-
narrow beam bathymetric surveying system, with locations fixed by an
acoustic transponder navigation network. Francheteau and Ballard (in
press) reported an axial swell of 7 Kms width and 500 m height, shoaling
at 2850 m, between 20°05' and 20°10'S (see Figure 10.2.3). 1In this

area, the RAIE deep—towed system recorded photographic evidence of on-

going hydrothermal activity.

More recently, in 1981, the R/V MELVILLE returned to this area during
expedition VULCAN Leg 8, with the ANGUS deep-towed system. Lava lakes
and fluid lava flows were found on the axial-ridge summit while pillow
lavas occupied the slopes (Francheteau and Ballard, in press). These

authors reported a series of active hydrothermal vents, of both the -
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Galapagos low-temperature type (Corliss et al., 1979) and of the E.P.R.,
21°Y high-temperature type (Spiess and MacDonald, 1980). The high
temperature vent fields are located in the centre of lava lakes in the
southern part of the map, taken from Francheteau and Ballard (in press)
and shown in Figure 10.2.3. "White smokers" with high methane concen-
trations in the effluent fluids were also reported, in additiqn to ﬁigh
temperature sulphide vents. This is the first evidence of sulbhide
metallogenesis occurring in the 209S area of the E.P.R., although the
area has long been known to contain highly anomalous metal-enrichments

in sediments (see later).

10.3" SAMPLE DESCRIPTION
10.3.1. Sediments.

The 138 sediments recovered from the 19 - 21°S area of the E.P.R.

consist of a suite of samples ranging from highly metalliferous sediments
to pelagic foraminiferal carbonates. These sediments are generally

more enriched in metals than those from the 13 - 15°S area described

in Chapter 9. However, the hues of the most metal-enriched samples

from both areas correspond to 7.5 YR 4/4 (see Appendix D).

The sediments in this study have been subjected to sedimentological
analysis by other workers and some of this data has been described in
Marchig and Gundlach (1982). These authors showed that the »63Mm
fraction of the sediments is totally dominated by CaC03,as white or rust-
coloured foraminiferal tests. The <63p fraction consists of CaCO3 and
fine~grained red/brown semi-opaque oxides, termed R.S$.0's by Yeats

and Hart et al. (1976). Work carried out by the writer during the
summer of 1980, at the Hawaii Institute of Geophysics, revealed that
after removal of sea-salts, CaC03, Fe and Mn oxides, followed by size-
separation of the finer fraction (see Appendix B), clay minerals could
not be isolated from these sediments. Thus, two phases dominate the

sediments, CaC03 and R.8.0's.

The data that follows represent geochemical analyses reported on a
carbonate free basis and so largel, reflect the R.S$.0. composition of

the sediments, 1.e. the hydrothermz! component.
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PLATE 10.3.1. The underside of the black Mn crust from station 14D.
Note the mud-cracks and the bulbous fissure infilling
(in light grey). 478
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© 10.3.2. Ferromanganese oxide crusts.

Ferromanganese oxide crusts were recovered from dredge statioms 14D
and 26D (see Plates 10.3.1 and 10.3.2). Four sub—samples were taken
from the station 14D crust shown in Plate 10.3.1. Three of the sub-

samples are as follows:

(i) a sample of surface crust.
(ii) a composite.of surface and sub—surface crusts.

(iii) a secondary infilling of a fissure in the main crust.

The secondary infilling is shown in Plate 10.3.1, along with a fourth
sub-sample which consists of orange mud exhibiting well developed mud-

cracks. Compositional differences between samples are described later.

Mnorange coloured ferromanganese crust from station 26D displays an
unusual fine-scale mamillar structure. Plate 10.3.2 shows the surface
of this sample which is coated with a light dusting of carbomate-rich

sediment.

10.4 SURFACE SEDIMENT GEOCHEMISTRY

Surface sediment data from 35 GEOMETEP stations have been augmented by
data from 22 other stations (Dymond, 1981), to produce the most com—-
prehensive coverage currently available of the axial region of the
E.P.R. in the 20°S area. The locations of these surface sediments are
shown in Figure 10.4.1. Previously, it has been stated that where
CaCO3 values are high, results reported on a carbonate—free basis and
on a2 carbonate and salt—free basis, are not comparable, To circumvent
this problem, the data of Dymond (1981) have been recalculated on just

a carbonate~free basis, as GEOMETEP data are (see Appendix C).

The following sections describe the distribution of CaC0,, SiO2 and
the following elements and element ratios in the 19 - 21°S area:-
Fe, Mn, Cu, Zn, Ni, Mo, As, Sb, Bi, Cu/Zn, P/lLa.
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FIG.10.4.2. Pe in surface sediments from the 19—2105 area of the E.P.R.
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Fe

The distribution of Fe in surface sediments has been sub-divided

into the four ranges shown in Figure 10.4.2. Two areas display high
Fe values of greater than 30%; one area just south of 20°S surrounds
the sulphide locality mentioned earlier, while the second area is
located west of the E.P.R. axis, south of the offset, at about 20°50's.
This second area encleses stations 6K, 25K and 27G, the forme; with

the maximum Fe value (30.8%) in this area.

Fe values exceeding 257 are restricted to the west flank of the E.P.R.,
as shown in Figure 10.4.2 and similar west flank high values have been
previocusly described in the 13 - 15°3 area (see Chapter 9). Fe values
less than 157, with a minimum of 47 for station 16G surface sediment,
predominate on the east flank of the E.P.R., further than about 80 Kms
from the spreading centre. The stations sampied from the west flank
are more enriched in Fe and all values are higher than 16Z, thus

producing the observed asymmetry in Fe values about the E.P.R. axis.

M

The Mn distributiom in 19 - 21°S area surface sediments is broadly
similar to that of Fe, in that higher values occur on the west flank
than on the east flank of the E.P.R. (see Figure 10.4.3). However,
important differences between these elements do occur. Only one area
with Mn values higher than 107 can be found, with a maximum of 127 for
station 27G surface sediment, and this area coincides with the second
area of high Fe values described above. The area enclosing the
sulphide locality, on the E.P.R. axis, does not contain Mn values

exceeding 107, although station 40K surface sediment contains 9.37 Mn.

Surface sediment Mn contents ranging from 4 - 77 cover a wider area

than the corresponding sub-division of the Fe data (see Figures 10.4.2
and 10.4.3) but similar depletions in both of these elements occur in
east flank sediments located further than 80 - 100 Kms from the E,P.R.

axis.



FIG.10.4.4. Cu in surface sediments from the 19-21°S area of the E.D.R.
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Cu

The distribution of Cu in 19 - 21°S area surface sediments (see Figure
10.4.4) exhibits two areas of very high enrichment, with values exceeding
1500 ppm. The larger area is centred on the axial sulphide locality,
where surface sediment from station 40K contains 1780 ppm Cu, while core’
13 contains 1890 ppm (Dymond, 1981). This area of Cu enrichment in
surface sediments is very large, trending along the axial region for
about 85 Kms, and is not just restricted to the immediate vicinity of

the sulphide discovery.

The second area of highly Cu—enriched surface sediments is located to
the east of the seamount, in the ﬁicinity of station 27G, where 1510 ppm
Cu is found. Both of the two. areas described coincide with areas of
high Fe contents. The axial region of the E.P.R. is characterised by
surface sediments with Cu contents ranging from 1200 to 1500 ppm, while
those located further than about 100 Kms east of the E.P.R. axis contain

less than 900 ppm.

in

Surface sediment Zn contents exceed 600 ppm in 3 separate areas (Figure
10.4.5). Two of these areas coincide with the areas of high Fe and Cu
values (see above)}, but the area of Zn enrichment containing up to 650 ppm
Zn which surrounds the sulphide 1locality, is much smaller than that
observed for Cu. The third area of high Zn values is located on the

E.P.R. axis at about 19°10'S (see core 9 in Figure 10.4.1).

The distribution of Zn values between 500 and 600 ppm is unusual. These
values are largely restricted to the west side of the axial region but
two lobes extend east and west of the E.P.R. axis at 20020'5, north of
the axial offset. Low Zn values of less than 300 ppm, with a minimum

of 120 ppm in surface sediment from station 16G, characterise east

flank sediments located further than about 150 Kms from the E.P.R. axis.

Cu/Zn
Cu/Zn ratios greater than 3.0 occur in axial region surface sediments

and in two small areas on the east flank of the E.P.R. {Figure 10.4.6).
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FTG.10.4.5. Cu/Zn in surface sediments from the 19-21°5 area of the E.P.R.
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FIG.10.4.8 . Mo in surface sediments from the 19-2105 area of the E.P.R.
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Apart from the generally higher values along the E.P.R. axis, isolated
low Cu/Zn ratios occur in two areas where sediments contain increased
amounts of Al and Ti which were found to be caused by abundant volcanic
glass shards. The distribution of Cu/Zn ratios shows a general decrease
with distance from the E.P.R. axis in the 19 - 21°S area and as shown

previously, is indicative of axial hydrothermal activity.

P/La

The P/La ratio reaches a maximum of 405 in station 39K surface sediment
and is also high (302) in surface sediment from station 40K (see Figure
10.4.7). Both of these stations are located in the vicinity of the
recently discovered sulphide deposit, which further supports the use of
the P/La ratio in sediments as an indicator of hydrothermal activity.
High values for the P/La ratio, between 200 and 300, are found to the
west of the E.P.R. axis and these values trend parallel to that feature.
The P/La ratio fails to identify a possible hydrothermal centre {(with
high Fe, Mn, Cu and Zn content) to the east of the seamount at 20°50's,
114040'W, indicating that its value in detecting hydrothermal centres

cannot always be relied upon.

Mo reported
Molybdenum was only A in the GEOMETEP data set (this work), as this

element was not analysed by Dymond (1981). Bostrom and Peterson (1969)
and Horowitz (1970) have shown that Mo enrichment of up to 127 ppm

(on a carbonate free basis) occurs in near-surface sediments from the
14°S area of the crestal region of the E.P,R, The Mo content of surface
sediments from the 19 - 21°S area (Figure 10.4.8) exceeds 100 ppm in

an area located close to, but west of the E.P.R. axis. The maximum
enrichment of 172 ppm Mo is found for surface sediment from core 25K.

Mo values greater than 50 ppm are restricted to the west flank of the

E.P.R.

Ni
The distribution of Ni in 19 - 21°S area surface sediments is strikingly

different to the distribution of any of the elements/element ratios
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F1G.10.4.10. Plot of CaCO., versus Water Depth in 19-21°S area surface
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previously studied (Figure 10.4.9). The axial region of the E.P.R.
contains sediments with less than 500 ppm Ni. Ni values greater than
700 ppm, with a maximum of 1020 ppm in core 15 surface sediment (see
Figure 10.4.1 for the location of core 15), are confined to ‘surface
sediments in off-axial locations. The different distribution of Ni and
its low abundance in sediments close to knmown or suspected hydrothermal
sources suggest a hydrogenous source for this element in 19 -~ 21°s area

sediments.

' C’aC’O3 .
The data shown in Figure 10.4,10 indicate no visible trend for the

relationship between CaCO, and water depth. In view of the widescale

slumping, winnowing and dilution of CaCO3 by ferromanganese oxides
occurring on the mid-ccean ridge (Chapter 93 Cronan and Varmavas, 1981),
this is not surprising. Berger et al. (1976) stated that the C.C.D.

is located at about 4000 m water depth in this area while high CaC03
values decrease to low ones in a transition zone of 500 m thickness

above the C.C.D. Some samples contain low CaCO3 contents which may
reflect this dissolution process in the transition zone, e.g. 6% CaCO3
(Dymond, 198l) in surface sediment from station 22, located at a water

depth of 3480 m.

s,

Clay minerals were found to be depleted in GEOMETIEP 19 - 21°S area
surface sediments, deduced from the failure to isolate significant
amounts of the < 2M fraction of sediments for oxygen isotope analysis.
As a consequence of this, only ten surface sediments were analysead for
SiOz, by the method deseribed in Appendix B. SiO2 values are low and
vary between 5.2% and 9.47, on a carbonate free basis (Appendix C).
Marchig and Gundlach (1982) showed that 19 - 21°S area sediments contain
an average of 7.57 SiOZ.
4ds

The elements As, Sb and Bi were analysed after the generation of volatile
hydrides, using the inductively coupled plasma spectrometer (see

Appendix B). Cronan (1972) found that As is enriched in sediments

from the Mid-Atlantic Ridge at ‘37N, where a maximum of 360 ppm OcCCurs



TABLE 10.4.1

CORE NUMBER

04K
06K
09K
11D
276G
28G
30K
31K
33D
35G
376G
35K
40K
416G
42G
43D
44K
54D
566G
59K

As, Sb, Bi Data for Surface Sediments from the 2095 Area

(in ppm and on a Carbonate Free Basis)

SAMPLE DEPTH
(cms)

0 - 25
10 - 25
0 - 25
DREDGE
GRAB
GRAR
0 - 25
0 - 25
DREDGE
GRAB
GRAB
0 - 25
0 - 25
GRAB
GRAB
DREDGE
0- 25
DREDGE
GRAB
0 - 25

DETECTION LIMITS

Data reported to nearest 10 ppm for As or to 1 decimal place for

5b and Bi.

Core Locations are reported in Appendix C,
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FI16.10.4.11. The distribution of As and the As./Fe ratio in crestal surface sediments from 19-2105 on the E.P.R.
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(on a carbonate free basis). Arsenic has been studied in more &etail

in E.P.R. sediments (Bostrom and Peterson, 1969; Bosfrom and Valdes,
1969; Bostrom et al,, 1974; Rydell et al., 1974). The second named
authors reported a maximum As anomaly in near-surface sediment of 450 ppm
(C.F.B.,) from the 14°S area of the E.P.R., compared to an average of about
40 ppm (C.F.B.) in pelagic sediments, Arsenic is known to be a valuable
pathfinder element in the search for land-based hydrothermal ore-~bodies,
and As haloes can delineate certain areas of mineralisation (C:J. Moeon,
1983).

To investigate the distribution of As in surface sediments from the
crestal region of the E.P.R. in the 20°5s area, a total of 20 samples
were analysed. The distribution of As is shown in Figure 10,4.11 and
the map includes 16 of the 20 samples studied. A maximum As anomaly

of 460 ppm (see Table 10.4,1) is found for station 39K surface sediment,
in the vicinity of the hydrothermal sulphide deposit. Arsenic haloes
surround the deposit and values decrease with distance from the ridge
crest, A constant enrichment of 200 ppm to 300 ppm As is found over

much of the axial region.

Two further areas of high As values in surface sediments are indicated,
with As between 300 ppm and 400 ppm. On the basis of the samples
studied, these areas appear to be more localised than the As haloes
surrounding the sulphide deposit. These two areas coincide with
previously defined areas of high Fe, Cu and Zn concentrations, thus
supporting the postulated existence of hydrothermal vents at these

localities.

Surface sediments located off the E.P.R. axis contain less than 200 ppm
As, Samples from stations 33D and 43D contain low values of 30 ppm and
80 ppm As, which may be attributed to the dilutiom of hydrothermal

ferromanganese oxides by abundant basaltic debris,

Croman (1972) showed that As is closely associated with Fe, with a

value of 0,75 for the correlation coefficient, r, for a batch of 16 -
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samples. This is statistically significant at the 99.97 level of
confidence, However, the batch of 20 GEOMETEP samples shows that
r = 0.52 for As and Fe, which is only significant at the 957 level

of confidence,

An examination of the As/Fe ratio in sediments from the- 20°S area of
the E.P.R. shows that values of 1.5 to 1.7 x 10_'3 characterise surface
sediments from areas of intense hydrothermal. activity. Stations located
at distance from these centres countain sediments with low As/Fe ratios,
ranging from 0.3 to 0.9 x.10—3. The increased concentrations of As
relative to Fe in the three areas described above would support a
hydrothermal supply of this element prior to its adsorption from sea-

water on colloidal Fe—~oxyhydroxides.

Marchig et al, (1982) suggested the possibility that As contents in the
sediments may simply reflect their Fe contents, as a result of adsorptionm.
However, this possibility can be discounted in the 20°s area, on fhe

basis of higher As/Fe ratios observed in the hydrothermally active

areas of the E.P.R. crest than elsewhere.

Sb and Bz

Data for Sb and especially Bi have seldom been published for rise crest
metalliferous sediments. Turekian and Bertine (1971) have suggested
that Sb may be fixed in marine sediments under anaerobic conditions,
after derivation from seawater. This process is unlikely to occur at
20°S on the E.P.R. due to the highly oxidising conditions in the
sediment column. Bostrom and Valdes (1969) suggested that, due to the
similar geochemical behaviour of As and Sb, Sb should be enriched in
hydrothermal metalliferous sediments on active mid-ocean ridges. However,
Marchig et al. (1982) reported similar values of 2.5 ppm and 2.8 ppm

for hydrothermal metalliferous sediments from the E.P.R, and calcareous-

siliceous oozes from the Peru Basin, respectively.

Gurvich et al. (1976) noted that As/Sb ratios in meta%liferous sediments

are about 8 and this value is close to the ratios of As/Sb in solution in -



TABLE 10.4.2

Element concentrations and element ratios for station 14D and 26D ferromanganese crusts

Station No

Sample Type Z Fe | Z Mn Co Ni Cu Zn | Mn/Fe | Mn/Co Mn/Ni | Mn/Cu | Mn/Zn | Fe/Cu
pPpm Ppm ppm ppm
14D Surface Crust | 2.50 | 47.0 30 | 1,300 154 | 116 | 19 15,670 | 362 | 3,050 | 4,050 | 162
14D Bulk Crust 2.15 | 47.0 29 979 166 | 126 | 22 16,210 | 480 | 2,830 | 3,730 | 130
1.0 Fissure Crust | 0.08 | 49.6 20 545 180 | 96 [620 24,800 { 910 | 2,760 | 5,170 4
26D Bulk Crust 27.4 {12.0 | 1,230 {2,580 | 1,660 | 650 | 0.44 98 47 72 185 | 165
LINE ISLAND CRUSTS
(n = 59) 17.0 | 20.4 | 5,450 | 3,860 | 1,540 | 590 | 1.2 37 53 132 | - 346 | 110

(taken from Aplin, 1983)

96¢
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seawater. The authors considered that Sb, a highly mobile element in

seawater, is enriched in metalliferous sediments due to adsorption and
co-precipitation with the hydroxides of hydrothermally-supplied Fe and
Mn. They also concluded that the original source of the Sb must remain

an open guestion.

The distribution of Sb in GEOMETEP surface sediments from the 20°S area
shows no particular trends., A maximum of 6.5 ppm Sb (see Table 10.4.1)
is contained in station 6K surface sediment, while the average content
of Sb is 2.5 ppm for the 20 sediments analysed. This average value
agrees exactly with the average reported by Marchig et al., (1982}, for
E.P.R. metalliferous sediments. As/Sb ratios vary between 35 and 411,
with an average of 147 for the 20 GEOMETEP sediments, These highly
variable ratios indicate the lack of any close association between As
and Sb and also the increased amounts of As found in sediments compared

to As/Sb ratios in seawater,

Bi values average 0.4 ppm, with 2 maximum of 1.0 ppm in surface sediment
from station 4K. These values are relatively uniform and do not display
any similarity in their distribution to the values of As. Sb and Bi

are correlated with each other (r = 0.51) at the 957 confidence level,
Similarly, Mn correlates with Sb (r = 0.53) and with Bi (r = 0.46).

Neither Sb or Bi correlate with Fe at the 95% confidence level,

The data described above suggest that As 1s closely associated with Fe

and that both of_ these metals are supplied by hydrothermal solutions.
although

On the other hand,ASb and Bi are associated with Mn, this does

not support a hydrothermal origin for these f%eTe“i% is thought that

the distributions and concentrations of Sb and Bi are compatible with

a hydrogenous origin for these elements which are adsorbed by Mn oxides

and then incorporated in sediments.

Ferromanganese Crusts

In an attempt to determine whether an excess supply of metals has been
added to crusts 14D and 26D, compared to that supplied from a hydrogenous

source, various element ratios were studied (see Table 10.4.2). An excess
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supply of metals in these crusts could indicate hydrothermal activity
in the immediate vicinity., The method used has been discussed in

Chapter 9.

Station 14D crusts are extremely manganiferous in nature, with a
maximum Mn/Fe of 620. present in the fissure infilling Mn crust. Mn
contents vary between 47,07 and 49.6%Z, while Fe varies between 0.08%-
and 2.50%7. The most Mn-rich, Fe-poor crust is the sub-sample taken
from the inéilled fissure, Apart from relatively high Ni contents in
these crusts, ranging from 545 ppm to 1300 ppm, trace metal contents
are low, as is found in hydrothermal Mn oxide-rich crusts from the

Galapagos Rift (Moore and Vogt, 1976).

On the basis of the major/trace element ratiocs (Table 10.4.2) calculated
for station 14D crusts, no metals other than Mn have been supplied in
excess of the hydrogenous supply to ferromanganese crusts, even though
Ni contents are high. The presence of an Fe oxide-rich mud on the
underside of the station 14D crust (see Plate 10.3.1), with 22,8%

Fe (Appendix C) and a Mn/Fe of 0.65, indicates the rapid fractionation
of Fe from Mn in this deposit, as found in the GRAFZI area (see Chapter
2). The Fe oxide-rich mud also contains higher Co, Cu, Zn and Pb

contents than the Mn oxide-rich crusts.

The ferromanganese oxide crust from station 26D has a Mn/Fe of 0.44, A
crust of similar chemical composition was described in Chapter 9 and
located in the vicinity of the E.P.R. axis at 13°20'S, The 26D ferro-
manganese .crust is therefore much more ferruginous and less manganiferous

than the 14D crust.

On the basis of element concentrations and element ratios described above
for 19 — 21°S area surface sediments, the area from which the station
260 crust was recovered has been identified as hydrothermally active,
The excess supply of Ni, Cu and Zn, normalised to Mn, in the station

26D crust (see Table 10.4.2) further supports a hydrothermal supply
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of metals at this locality, The 26D ferromanganese oxide crust, with
associated hydrothermally derived Cu, Zn and to a lesser extént, Ni,
may be related to a formation from hydrothermal solutions convected by
a seamount heat. source, while the trace element poor (apart from Ni)
14D erusts may be products of off-axial hydrothermal wventing. The
greater supply of trace metals to the former than to the latter deposit

could be due to higher temperatures.in the hydrothermal solutions.

10.5 GEOCHEMISTRY OF SURFACE AND BURIED SEDIMENTS FROM THE 19 - 21°S AREA

The following study, as in Chapter 9, is devoted to an investigation of the
downcore variations in hydrothermal activity, as deduced from downcore
geochemical variations in the sediments, Element associations signifi-~
cant at the 99.97 level of confidence for both surface and downcore
sediments are reported in Table 10.5.1. Both batches of data produce
similar correlations, as was found for 13 - 15°S area sediments.

However, the following correlations are found only in downcore sediments:-—
Ti with Na, Ti with K; Mg with Fe, Mn, Ni, Cu, Zn, Pb, P; Si0, with

La, SiO2 with Ti. 1In surface sediments, Mo correlates positively with

Cu and P, but not with Ni, while the reverse is true in downcore
sediments. The similar distributions of Mo, Cu and P in surface sediments

have been described in Section 10.4, while the distribution of Ni differs

significantly,

The correlations of Ti with Na, Ti with K, SiO2 with La, SiO2 with Ti,
observed in downcore sediments suggest contributions to the sediment
from clay minerals and basaltic debris. However, both of these phases
are generally of minor abundance in 19 - 21°S area sediments. Marchig
and Gundlach (1982) have shown that volcanic glass constitutes <0.17

of the bulk sediment in cores 4K, 9K, 25K, 46K and 59K.

The depletion of Mg in hydrothermal solutions and its fixing in the
Mg hydroxysulphate hydrate phase has been predicted om the basis of
experimental work (Bischoff and Seyfried, 1978). This has also been

found in natural systems, where the Mg-bearing mineral phase was named
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"eaminite", after its discovery by Haymon and Kastner (1981), in the
E.P.R. 21°¥ sulphide deposit. Therefore, it is unusual that Mg shows
strong correlations with Fe, Mn (see Figures 10.5.1 and 10.5.2), Ni,

Cu, Zn, Pb and P. Marchig and Gundlach (1982) also found similar
correlations with Mg, though this was based on far fewer samples than
this study. It has been suggested that the correlations of Mg with

Fe, Mn, Ni, Cu, Zn, Pb and P are not observed in surface sediments.
However, a closer inspection of the raw data in Figures 10.5.1 and
10.5.2 reveals that 2 statistical outliers exist in the surface sediment
data which mask significant correlations between Mg with Fe and Mg with
Mn. If these two samples are ignored then strong significant correlations
do exist between Mg with Fe and Mn. These two samples, with about 2.57
Mg, represent sediments from stations 33D and 43D which are rich in
volcanogenic debris. In summary therefore, 19 - 21°S sediments show
that Mg is closely associated with the ferromanganese oxides (with the
above 2 exceptions) and may have a similar hydrothermal derivation, but

a hydrogenous source of Mg canmot be ruled out.

The correlations of Fe with Mn, Cu with Fe and Zn with Mn (Figures
10.5.3 to 10.5.5) exemplify the similarity in composition of surface
and downcore sediments from the 19 - 21°S area. While the highest
metal values are observed in surface sediments, the two sets of data
span a similar range in concentration. Sediments from the 13 - 15%
area of the E.P.R. (see Chapter 9) also show this similarity of compos-

ition between surface and downcore sediments.

The correlation coefficient, r = 0.92, is significant at the 99.97
confidence level for the scatterplot of SiO2 with Mn (Figure 10.5.6).
SiO2 also shows a similar correlation with Fe. Although SJ'.O2 can be
associated with significant quantities of Fe in certain clay minerals
(McMurtry and Yeh, 1981), Mn is not present in them in abundance. For
this reason and the observation that clay minerals could not be isolated

from 19 - 21°S area surface sediments, it is thought that SiO2 is not
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present in clays in these sediments. It may be present as amorphous

or biogenic SiO2 mixed with ferromanganese oxides and its correlation
with Fe and Mn possibly being due to dilution by a third phase (Chayes,
1960). Amorphous silica of a hydrothermal origin has been described
in the GRAFZI deposit (see Chapter 3) and a similar origin may apply
here. 1In support of this possibility, SiO2 correlates with Fe, Mn,

Cu and Zn (of a hydrothermal origin) but does not correlate with Ni
{see Table 10.5.1) which has been shown to have a non-hydrothermal

origin (see Figure 10.4.9).

Dymond et al. (1973) observed that metalliferous sediments display
little tendancy to recrystallise with time. On the basis of this
observation, the above data and the findings of Marchig and Gundlach
(1982) that diagenesis has not altered the bulk geochemistry of
GECOMETEP sediments, metal variations in the present sediment cores
from the 19 - 21°S area of the E.P.R. are thought to reflect primary

temporal variations in hydrothermal activity.

10.6 DISCUSSION OF 19 - 21°S AREA HYDROTHERMAL ACTIVITY

Previous investigators (Dymond, 198l1; Marchig and Gundlach, 1982)

have noted a uniform chemical composition of hydrothermal precipitates
on the E.P.R. Dymond (1981) suggested that E.P.R. hydrothermal
processes may be unique in that they produce vast areas of Fe-Mn oxide-
rich sediments without extensive fractionation of Fe from Mn. However,
the author perceived that constraints on sampling, due to the necessity
of coring in off-axial basins to ensure full-core recovery, may have
biased the sampling. Dymond (1981) suggested that physical homogen—
isation of originally fractionated hydrothermal precipitates may have
produced the observed uniform chemical composition, as has been noted

in the 13 - 1SDS area (Chapter 9).

The present work utilises sediments recovered both near to and distant
from the E.P.R. axis and there are distinct variations in sediment comp-
osition, in contrast to the uniformity of sediment composition described

in the previous paragraph.
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The discovery of the axial sulphide deposit (Francheteau and Ballard,
in press) and the decrease in metal values with distance from the
hydrothermal source, indicate that the E.P.R. is not unique as a
hydrothermal centre. The metalliferous sediments do not just represent
an undifferentiated prototype, but these deposits are part of the
continuum of sulphides — silicates - Fe oxides - Mn oxides observed

elsewhere on the World Mid-Ocean Ridge System.

In addition to the polymetallic sulphide 1locality recently discovered

on the E.P.R. axis near 20°S, the surface sediment geochemistry

indicates a second sulphide deposit in the vicinity of the west flank
seamount at 20°50'S. Collectively, these areas contain surface sediments
with anomalous concentrations of Fe, Mn, Cu, Zn, Mo, As, As/Fe, Cu/Zn

and P/La.

A 'third area exists at 19°10'S on the E.P.R. axis which, on the basis
of anomalously high As and Zn contents in surface sediments, may also
contain sulphides. However, while this third area can be tentatively
identified as a future exploration target, the greater Cu contents of
sediments from the other two areas indicates their greater potential

for containing polymetallic sulphides.

Apart from these three areas of high metal contents, there is a general .
high level of enrichment in E.P.R. crestal sediments of Fe, Mn, Cu, Mo
and As, while the Zn pattern of enrichment in the sediments is irregular.
The distributions of Fe, Mn, Zn, Mo and to a lesser extent Cu, are
asymmetrical abkout the E.P.R. axis, being higher on the west flank than
the east. This phenomenon of asymmetrical metal distribution over the
E.P.R. crestal region has been described by Dymond (1981) and also in
Chapter 9 of this thesis. The asymmetry is not as marked as in the

13 - 15°S area of the E.P.R., where hydrothermal debris is swept west-

. wards from an axial source by mid-depth ocean circulation (Lupton and
Craig, 1981; Reid, 1981). This may suggest a weaker influence by these
currents in the 19 - 21°S area. However, an alternative explanation for

the asymmetry in metal distributiom, involves the injection of hydrothermal



307

solutions from -sources on the west flank of the E.P.R. axis. This
possibility is supported by the geophysical data of Rea (1978) which
shows that there is asymmetry in bathymetry, spreading rates and heat
flow, on the west and east flanks of the E.P.R. (Sg;tion 10.2). The
author suggested the presence of a heat source under the west flank
in order to explain this. The model could also explain the metallo-
genesis associated with the seamount area at 20050'8, 114040'W, where
an off-axial heat source may have convectively circulated seawater to

produce highly metalliferous sediments on the E.P.R. west flank.

The distribution of ‘Ni in the sediments is unlike that of any of the
other elements studied (see Section 10.4). A hydrogencus source of Ni
seems the best way of explaining the highest concentrations of this
element observed in off-axial lecations, i.e. at distance from known
hydrothermal vents. Dymond (1981) calculated that only 397 of the total

Ni in E.P.R. rise-crest sediments is supplied hydrothermally.

10.7 CONCLUSIONS

Data from this thesis has been combined with data from other sources to
produce the most detailed sample coverage of the 19 - 21°5 area of

the E.P.R. available to date. A synthesis of this data has led to the

following conclusions:-

1. The carbonate free fraction of surface sediments from the 19 - 21°8
area does not display a uniform chemical composition. This obser-—
vation is in contrast to that of Marchig and Gundlach (1982) who
based their assumption that the sediments were chemically of rela-
tively uniform compesition, on fewer samples than studied here and
which were cored in off-axial basins. Variations in metal contents
of sediments and the discovery of sulphide deposits on the E.P.R.
between 20°05'S and 20010'5, attest to the fact that hydrothermal
deposits on this part of the E.P.R. should be regarded as a continuum,

which can be related to the Red Sea Model.
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On the basis of the collective distributions of Fe, Mn, Cu, Zn,
As and the P/La ratio, three areas show the greatest potential
for containing polymetallic sulphides, with one of these areas

(Area 1) already shown to contain them. The areas are:-

(i} Area 1 - on the E.P.R. axis, between 20°05'S and 20°10's.
(ii) Area 2 - to the east of the seamount located at about
20°50's, 114%40'W,
(iii) Area 3 — on the E.P.R. axis, at about 19°10'S.

The general metal enrichment that is observed in surface sediments
over the axial region of the E.P.R. is asymmetrical, and displaced

towards the west flank.

The westward flow of mid—depth currents has been invoked as the
cause of this asymmetry in the 13 - 15°S area (see Chapter 9),
where the asymmetry is more marked than in the 19 - 21°5 area.
However, in the 19 - 21°S area of the E.P.R., a west flank heat
source (Rea, 1978) may be responsible for the observed asymmetry

in metal distribution, by causing off-axial hydrothermal venting.

In contrast to the other metals studied, Ni appears to be supplied
hydrogenously to 19 - 21°S area sediments, most probably by
adsorption from seawater onto ferromanganese oxides. Although an
. if this element has such a squrce
ultimate hydrothermal source cannot be ruled out for Nl,AltS
distribution supgests a longer residence time in seawater than

the other metals.
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PART 3

‘Chapter 11 Summary and Conclusions.
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CHAPTER 11

SUMMARY AND CONCLUSIONS

11.1 " THE GALAPAGOS RIFT

Three study areas have been investigated on the Galapagos Rift and

these are located in:-

1. The GRAFZI (Galapagos Rift and Fracture Zone Intersection) Area
at 86°W.

2. The De Steiguer Deep Area at 95°W.

3. The Hess Deep Area at 101°W.

Although each area has been studied in isolation, the relationship of
the hydrothermal processes that have collectively formed sulphides,
silicates, iron and manganese oxides in these areas can be related to

the Red Sea model.

The GRAFZI deposits comprise the full suite of hydrothermal precipitates
observed in and around the Atlantis II Deep, but the spatial relationship
between them is not so clear as in that area. The sulphide deposit
represents the locus of hydrothermal activity at the rift valley faulted-
margin. A model has been devised to account for the formatiom of poly-
metallic sulphides. Precipitation from the hydrothermal solutions has
produced a late-stage chalcopyrite/pyrite dominated assemblage with a
temperature of formation of about 390°C, calculated by sulphur isotope
geothermometry. It has been suggested that sub-surface sulphide
precipitation in the stockwork may have sealed the outlets of the
mineralising fluids , which were then forced to follow another path to
the seabed. Sulphur isotope data indicate a seawater source for the

sulphide sulphur and derivation from a heavily-seawater dominated system

in either a well-fractured oceanic crust or with rapid hydrothermal

solution flow rates {or both).
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Chemical and mineralogical studies of the sulphides indicate a distinct
difference between the GRAFZI deposit and the E.P.R., 21°N deposit
(Hékinian et al., 1980). The latter sulphide deposit is depleted in

Cu but highly enriched in Zn, while the former deposit displays an
opposite trend. Temperature is the dominating factor in determining
whether a Cu-rich (high temperature) or a Zn-rich (lower temperature)
sulphide may form. The identification of "Caries Textures", where
previously deposited sphalerite ﬁas undergone .dissolution and replacement
by pyrite in a later fluid of different chemistry and higher temperature,
allows an explanation of high Zn and Mn contents observed in sediments
surrounding the polymetallic sulphide deposit. The Zn is lost from

the mounds and scavenged by Mn oxides. The Cu/Zn ratio in sediments
increases towards the polymetallic sulphide deposit and is a useful

exploration tool.

No indications were found that may identify the De Steiguer Deep Area
of the Galapagos Rift, at 95%, as a possible site for polymetallic
sulphides. However, Fe oxide—stained basalts and a Mn oxide crust
described by Moore and Vogt (1976), attest to the fact that the "oxide

facies" of hydrothermally derived precipitates is represented.

Hess Deep cores, from water depths of up to 5440 m, revealed abundant
chrysotile serpentine minerals. These minerals have probably been
incorporated in unconsolidated sediments by gravity slides from
shallower, exposed peridotites, as described by Bonmatti et al. (1973),
in the Romanche Fracture Zone of the Mid-~Atlantic Ridge, Direct evidence
of serpentine formation from an ultramafic precursor mineral has been
found by scanning electron microscopy. There is no support for the

model of direct precipitation of chrysotile from hydrothermal solutions
percolating through Hess Deep sediments, as proposed by Schmitz et al.
(1982).



11.2 THE EAST PACIFIC RISE

Approximately 300 samples have been analysed from four study areas on

the E.P.R., situated in the following locations:-—

. The Quebrada Fracture Zone at 49s.

. The 10°S Area of the E.P.R.

The 13 - 15°S Area of the E.P.R., including the Garret Fracture Zome.
The 19 - 21°S Area of the E.P.R.

WP R

The samples studied comprise variably metal—enriched foraminiferal marls
and oozes,and ferromanganese crusts with highly contrasting Fe/Mn ratios.
Data accumulated in this thesis has been combined with previocusly
published data in order to obtain the most extensive sample coverage

of the areas studied.

The 10°S area of the E.P.R. contains two different sources of hydrothermal
activity which have produced anomalously high metal concentrations in
sediments. The most regionally extensive hydrothermal activity is
associated with the E.P.R. axis and has affected the whole axial region
at 10°S. Uniform Fe/Mn and Cu/Zn ratios characterise crestal zome
surface sediments. Heath and Dymond (1981} proposed that the westward
transport of hydrothermal debris has produced metal-enriched west flank
sediments. The dating of a metalliferocus sediment horizon in east flank
cores has shown that from about 194,000 years ago until racently,
sediments from the east flank have been depleted in Fe, Mn, Cu and Zn.
Two factors can account for this observation. Firstly, the inception

of westward flowing bottom currents at about 194,000 years ago and
secondly, the decreased supply of hydrothermally-derived metals due to
seafloor spreading which has transported the core locations away from
the axial source region. A recent phase of increased hydrothermal
activity has produced increased enrichments in Fe, Mn, Cu and Zn (Heath

and Dymond, 1981) in near-surface sediments from the 109S area.

The second type of hydrothermal activity is more localised and is found
in the vicinity of the AMPH D2 Fe oxide deposit of Bonatti and Joensuu -

(1966). The high degree of fractionation, with regard to Fe/Mn and Cu/Zn
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ratios, of the sediments in this area was not found in sediments enriched
in hydrothermally-derived metals from an axial source. On the basis of
geochemical- analyses of surface sediments from the vicinity of the AMPH D2
seamount structure, a direct comparison can be made with 'Larson's
Seamounts" on the E.P.R. at 21°¥ (Lonsdale et al., 1982). The latter
area contains polymetallic sulphide deposits and it has been suggested
that the westerly~located AMPH D2 seamount summit has potential for'their

future discovery.

A similar asymmetrifcal metal distribution to that observed at 10°S on the
E.P.R. has been observed in the 13 - 15°S area where it is more marked.
Surface sediments display a considerable uniformity in their Fe/Mn and
Cu/Zn ratios which can be accounted for by the physical homogenisation of

hydrothermal precipitates by westward flowing bottom currents.

There is ongoing metallogenesis in the 13 - 15°S area associated with both

the E.P.R. crest and the Garret Fracture Zone deduced from;

1. The recovery of hydrothermal ferromanganese crusts with an excess
supply of Zn to that supplied hydrogenously (as in the GRAFZI area).
2. The recovery of Fe—oxide stained basalts.

3. Anomalously high metal concentrations in surface sediments.

Surface and buried sediments display a similar geochemistry and therefore,
diagenesis does not modify the bulk composition of buried sediments which
thus, reflect temporal hydrothermal variations. Although sedimentation
rate data may be variable, a value has been assumed and a layer of highly
metalliferous sediment has been dated at between 169,000 and 304,000 years
of age. The cessation of this pulse of intense hydrothermal activity was
followed by a period when east flank sediments were starved of hydrothermal
material, while west flank sediments were supplied by westward flowing

bottom currents.

Surface sediments from the 19 - 21°S area of thé E.P.R. do mot display a
uniform chemical composition. Due to the acquisition of more samples,

from axial and off-avi.l locations, than have hitherto been recovered
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from the 19 - 21°S area, it has been possible to locate 3 areas with
sediments which collectively contain high values of Fe; Mn, Cu,'Zn,
Mo, As, Cu/Zn and P/La. One of these areas (Area 1) has recently been
found to contain polymetallic sulphides (Francheteau and Ballard, in

press). The three areas are:-

1. Area 1 - on the E.P.R. axis between ZOOOS'S and 20010'8.
2. Area 2 - to the east of the seamount located at 20050'5, 114%0'w.
3. Area 3 - on the E.P.R. axis, at about 19°10's,

Asymmetryrin metal distributions obgerved over the E.P.R. axial region

can be ascribed to the westward flowing bottom currents mentiomed
previocusly and also west flank off-axial hydrothermal venting. The latter
process 1s supported by the suggestion of Rea (1978) that a heat source

exists under the west flank of the E.P.R.

As in the 13 - 15°S area, diagenesis has not significantly modified the
bulk composition of 19 - 21°S area sediments. A study of metal variations
with depth in the cores has revealed that hydrothermal processes were
operative throughout the history of sediment formation, with periods of

intensified activity.

Ni has shown a different distribution pattern to the other elements/
element ratios studied and is thought to have been supplied to sediments

from a hydrogenous source, by adsorption onto ferromanganese oxides.

The 19 - 21°S area shows the greatest potential of all the areas studied
on the E.P.R. for further discoveries of hydrothermal loci, with high
temperature polymetallic sulphide assemblages. These are concentrated
principally on the E.P.R. axis, but are also associated with off-axial

seamounts.
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APPENDIX A

SAMPLE COLLECTION

The samples used in this investigation were collected during the cruises
of the R/V's '"CONRAD/ALVIN', 'DISCOVERY' and 'SONNE' in 1980. The
former cruise was responsible for the recovery of 69 samples frém short
cores, dredges and submersible operations in the 86°W area of the
Galapagos Rift and these were domated by the National Ocean Survey,

of the National Oceanic and Atmospheric Administration, The 'DISCOVERY'
cruise to the Hess Deep recovered sediments and a ferromanganese oxide-
encrusted pebble which were donated by the Institute of Oceanographic
Sciences., From this material, 21 samples.were taken. The 'SONNE' cruise
(Legs 1, 2 and 3) visited 233 Kasten core, dredge, grab and water
sampling stations in seven study areas on the Galapagos Rift and E.P.R.
Approximately 300 samples were collected by the writer at sea, on Legs

1 and 2, which were later supplemented by 150 samples from Leg 3,
collected from the Preussag Laboratories at Berkhopen. All of the 450
samples from the '"SONNE' cruise were donated by Preussag A.G.

Sediments collected at sea on 'SOMNE' Legs 1 and 2 were sampled at 25 cm
depth intervals along the core lengths or at different depth intervals
according to variations in lithology. The sediments were subsequently

sieved and the amount of the <63Mfraction determined.

The remaining sediment cores, after refrigeration, were sampled at
Imperial College. It was necessary to refrigerate the cores in order
to minimise pore-water migration. After allowing a period of time for
the cores to thaw, they were then split in two halves (one half for
storage, one half for sampling) using a hacksaw blade to penetrate the
outer plastic liner and a cheese-wire and palette knife to divide the
gsediment. Sampling proceeded according to the visual identification of
different lithological units and the sediments were described using

standard colour coding systems (see Appendix D). -
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Sediments were freeze-dried and then ground to a fine powder using an
agate mortar and pestle, after which they were stored in plastic vials

prior to analysis.

Ferromanganese oxide crusts were also ground to a fine—grained powder,

but these samples were stored in a dessicator to prevent water absorption

before they were analysed.



APPENDIX B

ANALYTICAL TECHNIQUES

B.1l GENERAL ELEMENT DETERMINATIONS (USING GEN HF ATTACK)

Chemical analysis of GRAFZI sulphides, silicates, Fe oxides, Mm oxide

crusts and sediments was carried out by a Perkin Elmer 5000 Atomic
Absorption Spectrophotometer (A.A.S.), for Ca, Mn, Fe, Al, Ti, Co, Ni,
Cu, Zn, Ag and Pb. The remaining GEOMETEP and DISCOVERY samples were
analysed by an A.R.L. 34,000C I.C.P. Atomic Emission Spectrometer
(I.C.P.A.E.S.) which added the following elements to those shown
above; Na, K, Mg, Li, Sr, La, V, Mo and P.

The chemical digestion that is used in the Applied Geochemistry Research
Group for general element attacks is described below. After weighing
out 0.25 g of dry, finely-ground samples; 8 cm3 of HF, 3 cm3 of HCth
and 3 cm3 of ENO, were added to them in P.T.F.E. beakers. The solutions
ware then heated on a hot—-plate at about 100°C for 2 hours, after which

a further 2 cm3

of HF was added. The acid digestion was allowed to
proceed overnight. In the next morning, 2 cm3 of HClO4 was added to
the nearly-dried samples and the solutions were then heated to dryness
at 180 - 200°C. Five cm3 of 6M HCl was added to the remaining bead of
éamples (along with 1 or 2 drops of H202 if Mn was abundant in the
samples). After dilution to a constant volume, the solutions were

submitted to the A.A.S. or I.C.P.A.E.S. in a IM HC]l matrix.

When P,.T.F.E. test-tubes became available, it was possible to reduce the
amounts of sample and reagent used in the general element attack. The
0.10 g of sample and proportionately lesser amounts of reagents which were
used for the test-tube attack made this adaption considerably more cost-

effective than the beaker attack.

A modification to the concentration of the final matrix of the solution

was needed when Ag was analysed. Solutions were submitted for anmalysis
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in 21 HNO3 and 2M HCl, in order to prevent possible AgCl precipitation

which may have occurred in a 1M HCl matrix. Both 2M HNO3 and 2M HC1

matrices produced similar Ag analyses.

Molybdenum analyses are susceptible to interference effects (Thompson

et al., 1982) and a manual correction was applied to Mo values to counter
Mn interference. For this reason, and also the poor precision pf Mo
values at concentrations around the detection limit, an artificial

raised "detection limit" of 30 ppm (see Appendix C) was taken and only
values above 30 ppm have been reported. This raised "detection limit"
does not affect the interpretation of the results as highly anomalous

samples with more than 100 ppm Mo exist.

B.2 THE DETERMINATION OF SiO, (USING THE ROCK ATTACK)
The procedure of Watkins (1980) was followed for the analysis of

SiO2 by I.C.P.A.E.S. 1In brief, this analytical technique involves the
fusion of the samples (0.10 g) with a mixed flux of 1 part LiBO2 and

2 parts Li23407 (0.30 g). The flux/sample ratio is normally 3/1 and
fusion is carried out at 1000°C in an electric muffle furnace. After
30 minutes the molten sample bead is tipped into a mixture of 10 cm3
M HNO3 and 60 cm3 HZO' The shattered bead is dissolved in the
solution by using a magnetic stirrer for about 30 minutes and this is
then made up to a final volume of 100 cm3 (a final dilution factor of

1000). The solution is then réady for analysis.

In samples with exceptionally high Fe contents, the flux/sample ratio

was increased to 10/1,as suggested by Watkins (1980).

B.3 THE DETERMINATION OF As, Sb AND Bi (BY VOLATILE HYDRIDE GENERATION)

This method is described fully in Pahlavanpour et al. (1980) and consists
of a magnesium nitrate attack on the samples. The samples are submitted
to the I.C.P. Spectrometer in a matrix of 5M HC1l, and As, Sb and Bi are

analysed in a stream of argon gas, after the generation of their volatile

hydrides.
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B.4 CLAY MINERAL ISOLATION

The isolation of the clay/smectite fraction of .E.P.R. sediments was

attempted by the writer at the Hawaii Institute of Geophysics (H.I.G.)
in 1980, to fulfil two aims. First, in order to establish the chemical
ccmposition of the smectite-rich fraction of E.P.R. sediments. Second,
to subject E.P.R. smectites to oxygen isotope analysis to find their
temperatures of formation. Both aims failed due to the lack of:smectite
in E.P.R. sediments from the 20°S area. However, it was possible to
isolate Galapagos Rift smectites during later work carried out at
Imperial College and these were analysed by I.C.P. Spectrometry. The
clay mineral isolation technique was developed at H.I.G., and is an
adaption of the method of Jackson (1958) which was devised for soils.

The method used is outlined below.

Salt Removal

The ‘samples were thoroughly washed in tap ﬁater and suspended by means
of a rubber-tipped stirring rod. To aid flocculation, the samples were
then centrifuged and the water decanted. This procedure was followed
for at least 4 washings ~ the latter 2 being carried out with de-ionised
water. After decanting the excess water and transferring the sediment

to a glass beaker in a relatively dry state, the sample was ready for:-

Ferric Oxide Removal

Theoretically, the Z of iron should be estimated by chemical analysis,
and the appropriate amounts of citrate and bicarbonate solutions added
to the sample, in the proportions of 8/9 0.3M sodium citrate and 1/9

IM sodium bicarbonate. However, for the approximate 10 g samples that
were used, 80 cm3 citrate and 10 cm3 bicarbonate was found to provide

a workable amount of reagent.

The glass beakers with suspended samples were mixed and heated in the
water—-bath for at least 30 minutes, at a temperature bhetween 75°C and
80°C but NEVER exceeding 80°C,as this would have resulted in iron

sulphide precipitation. Periodically, 0.5 g of sodium dithionite was
added until the brown colouration of the samples became a blue/green

colour and the sediments remained spongey and suspended. It was found
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that a stirring rod pushed against the side of the vessel could not

smear the sample on the glass, if reaction had ceased, and all the

ferric oxide had been reduced, with F32+ chelated by the citrate

seolution.

After reaction, 20 cmg of each of acetone and saturated sodium chloride
solutions were added to aid flocculation. The vessel was then heated

for about 5 minutes. Subsequently,the samples were centrifuged for 15
mimites and the supernatant liquid decanted. This procedure was repeated
at least 4 times and if a brown/red colour still persisted in the sediment,

then the attack was repeated.

Calecium Carbonate Removal

The E.P.R. samples were sieved (38 micron mesh size) prior to reaction,

in order to remove excess foraminifera. Approximately 50 cm3 of pH 5
sodium acetate buffer solution was added.for each 5 g of sample. The
samples were then suspended and reacted, in the water bath, at boiling
point for at least 30 minutes, while the solutions were continually stirred.
In each case, after centrifuging and decanting the supernatant solutionrs,
E.P.R. samples were re-reacted due to the great abundance of CaCOB.

Finally, the CaCOB-free samples were centrifuged and washed, at least

4 times, prior to preliminary X-ray diffraction to examine their smectite

purity.

Manganese Oxide Removal

Relatively dry samples were reacted with 307 H,0, solution. Caution is
needed when H202 is added as the reaction is violently exothermic and the
analyst should be armed with a water-bottle in order to cool down the
beaker and slow down the reaction. When reaction had ceased, the
supernatant liquid was decanted, after centrifugation, and this was
repeated at least 4 times, By now, the sediment should have a greenish
hue and resemble a clay mineral assemblage. If this was not the case,
then the sediment was dried and powdered with a pestle and mortar, and

re-reacted with Hzo2 .
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Size Separation (of the <0.5MFraction)

Size separation of the <0.5/ fraction of the sediment reéidue, after the
above chemical attacks, was achieved by ceﬁtrifugal acceleration of
particle settling times. For example, at a centrifuging speed of 1500
R.P.M., then the <0.5/ fraction remains suspended while larger particles
are sedimented after a period of 9 minutes (see Jackson, 1958).
Similarly, at a centrifuging speed of 2000 R.P.M., the <0.5M fraction
can be decanted after a period of 5 minutes. The supernatant solutions
were then evaporated to dryness and the <0.5/* fraction of the sediment
was scraped into a plastic vial, before final X.R.D. analysis to check

the smectite purity.

B.5 MINERALOGICAL DETERMINATIONS

Standard determinative mineralogical techniques were carried out by a

Phillips X~Ray Diffractometer and a Cambridge Microscan 5 Electron
Microprobe. X-ray imaging by the latter instrument produced element

maps and the techmique is described in 'Physical Methods in Determinative
Mineralogy' (Zussman, 1977). The detection limits for electron micro-
probe chemical analyses were calculated from the counting statistics,

where the detection limit was taken as being equal to 2 standard deviations

of the data.

B.6 STABLE ISOTOPE DETERMINATIONS

Isotopic analysis of S (converted to 302) and 0 (converted to COZ) was
carried ocut in late 1981, in the Isotope Geology Unit of the Institute

of Geological Sciences. Sulphur dioxide was produced by the method of
Robinson and Kusakabe (1975), by heating sulphide in vacuo with cuprous
oxide. The gas evolved was collected and analysed using a V.G. Micromass
602-C double collector mass spectrometer. Raw data were corrected for
change-over valve leakage (crosstalk) and isobaric interference (Coleman,
1980). Oxygen was liberated by fluorinmation (Clayton and Mayeda, 1963),
and after conversion to C0,, was analysed on a V.G. Micromass 903 triple

collector mass spectrometer.
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BULK GEOCHEMICAL DATA -
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The geochemical data for the seven study areas described in this thesis

are reported on a carbonate-free basis and are stored on microfiche

inside the back cover.

The core location, sample depth interval, station

type (i.e. core, dredge or grab) and water depth are also included with

the geochemical data.

" APPENDIX D

"COLOUR "CODING SYSTEMS

In order to standardise visual cbservations of sediment colours, the

U.5.6.5. and Munsell Colour Coding Systems were used and the range of

hues found are shown below.

Munsell System

2.5 YR 4/4
7.5 YR 4/4
10 YR 4/4

Reddish brown
Brown/dark brown

Dark yellowish browmn

U.5.G.5. System

10 YR 4/2
10 YR 5/4
10 YR 7/4
5 Y 4/4
5 Y 5/6
5 Y 6/4
5 Y

8/4

L | 1 1 1

Datrk yellowish brown
Moderate yellowish
brown
Greyish orange
Moderate olive brown
Light olive brown
Dusky yellow -
Greyish yellow

10
10

10
10
10

10
10
10

== I

G)C)aa'-d%;é

6/4
6/6
5/2

4/2
6/2
8/2
7/2
7/2
4/2
6/2

Light yellowish brown
Browmish yellow

0live grey

Greyish olive

Pale olive

Pale greenish yellow
Greyish yellow green
Pale yellowish green
Greyish green

Pale Green
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APPENDIX E

DATA HANDLING

The geochemical data in Appendix C have been reported on a carbonate-
free basis for two main reasons. TFirst, for comparison with pr@viously
published data. Second, in order to examine the geochemical variations
in the non—carbonate fracticm of the sediments. However, due to the
close association of Sr with CaCO3 (Emiliani, 1955), this element has

not been treated on a carbonate-free basis and is reported in raw data
form.

The CaCO3 contents of the sediment samples were calculated from analyti-
cally determined Ca values using the method of Dymond et al. (1976), as

shown below:—

Wt Z CaCO3 = CaT - O.ils - CaNC
c e
In this equation: CaT = Wt 7 of analytically detarmined Ca.
CaNC = Wt Z of Ca in the non—~carbonate fraction.
Ca, = Wt 7 of Ca in CaCO3 = 40.047.
S = Wt. fraction of salt in the sample.
0.41 = A constant to allow for the Wt Z of Ca in the

salt fraction of the sample, which Dymond et
al. (1976) report as 1.147 for sea salts

Due to the different nature of Galapagos Rift and East Pacific Rise
sediments, values of CaNC and § were determined for a representative
group of samples from each area. CaNC was determined after the chemical
removal of CaCO3 from the sample (see Appendix B). § was determiqed by
a weight loss calculation, after theroughly washing the sediments with

de~ionised water. The results are shown below:-
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Cayc s
Galapagos Rift 2.347 0.065
(n=7) )
East Pacific Rise - 0.997% 0.043
(n=8)

It should be noted that at high CaCO3 contents, a small error in the
determination of CaCO3 values may cause a large variation in the
correction factor used on data for that particular sample. However,
Varnavas (1979) has shown that the method of Dymond et al. (1976)

produces CaC0, values which agree well with a volumetric method of

3
analysis, using the Collins Calcimeter.



INTRA-BATCH: TOTAL ELEMENT PRECISION (Atomic Absorption Spect

* Each sample was duplicated in one run.

TABLE
fﬁpﬁg%gaetry)

PRECISION FE MN Ch ZN CU NI PB cO AL TI
Average % (N = 45)
; + + + +
precision over 13,07 13 10 20.80 4,48 | ¥7.75 fi1.80 | f7.80 { *17.50 | *a.12 $4.33
whole batch
% i .
Maximum precision 1.0 1377 4.5 149 |*33.0 *53.0 7.8 | *33.3 | 33,3 t14.3

{worst agreement) s

Precision good throughout but notlceably worse at lower (trace-metal) concentrations, which are sometimes
near detection limit.

INTER-BATCH: TOTAL ELEMENT PRECISION (Atomlc Abscrption Spectrophotometry)

* Precision between different runs, for internal standard.

% PRECISION FE MN CA ZN Ccu NI PB Co AL TI
vas-01 *6.1 *33.3 2.1 t3.7 GOOD GOOD GOOD *33.3 3.8 GOOD
S.P. VARN. *g.1 *14.9 Goop $10.6 tg.4 *11.1 | coop | f13.0 3.0 $¢20.0

ACCURACY: TQTAL ELEMENT ACCURACY related to external standards (Atomic Absorption Spectrophotometry)

SAMPLE FE{(%) MN (%) CA(%) ZN Cu NI PB coO AL(%) TI AG
syl (found) 23.91 0.094 2.68 260 9000 14300 228 683 5.08 5270 7.5%1.0
S5Ul (std) 22.87 0.085 2.86 294 8700 15100 249 630 4,92 6070 4.0
% ACCURACY +4.5 +10.6 -6.3 -11.6 +3.4 -1.3 -8.4 +8.4 +3.3 -13.2 ?

RED CLAY (found) 5.61 0.427 1.49 140 110 120 41 69 . 9.88 4930
RED CLAY (std) 5.60 0.450 1.47 130 l 100 120 33 not reported 9.48 4900
. % ACCURACY +0.1 -5.1 +1.4 +7.7 | +10.0 GOOD +24.,2 —_ +4.2
Argillaceous Lst
' {(found) 37.5 w
36.4 g

Arg.Lst (std)

% ACCURACY

+3.0




¢ * » ) » ®
TABLE F2. QUALITY CONTROL: Precision and Accuracy
Internal standard 09K 0-25 cma, average and standard deviation of 25 analyses
(I.C.P. Spectrometry.)
IL %Na %K S Mg %Ca Sr AL La TL V Mo S Mn M Pe Co ML Cu 2n Pb p % 510
Av, 1.07 2.03 0.148 0.706 16.0 1080 0.130 34.2 149 410 <30 4.46 13.4 30.9 264 579 225 46.8 5950 4.18
on-1 0.46 0©0.12 0,02 0.05 1.20 70 0.02 5.8 16 18 \\\\\ 0.25 0,83 1.5 13.5 27 16 12.4 590 \\\
~.,
External standards
Sample Description Fe Mn Cu Zn  No.of analyses
RED CLAY Found 5.41 0.436 110 145
(r.0.8") Raported 5.60 0.450 100 130 8 .
i s Accuracy -3 -3 +10  +12
MAGEL Pound 4.53 0,069 30.7 145
{U.5.G.5.) Reported 4,7¢ ©.078 33.0 140 4
% Accuracy -5 ~-12 -7 +4
pCcc-1 Found 5.24 0,081 9.1 38.0
(U.5.G.5.) Reported 5.80 0.090 8.0 41.0 3
% Accuracy -10 -10 414 -
IRON ORE Found 22.8 0,90 17.8 252
{Brit .Chem.5td) Reported 24.7 1.01 NR' NR 2
% Accuracy -8 ~11 \\\\\ \\\\\
MANGANKNOLLENPROBE Found 11.7 231.2 4990 830
I! (Preussagq) Reported 13,2 22,3 Slo0 820 1 RS
o -1l 4 -2 4 ~

% Accuracy
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APPENDIX F .

QUALITY CCONTROL )

The geochemical data presented in this thesis have been subjected to
rigorous quality control. Every sample has been analysed in duplicate
and the average value is given in Appendix C. 1In each run, a number

of reagent blanks, duplicates and reference materials were randémly
inserted to ensure that the data produced was of high quality. Reagent
blanks constituted about 57 of the sample batch and allowed some measure
of the level of contamination, while duplicated samples (about 107 of
the sample batch) allowed a measure of machine drift with time. Reference
materials normally accounted for >5Z7 of the sample batch and consisted
of external standards and an 'in-house' standard. In addition, machine
calibrator solutions were runm at regular intervals to monitor machine

- drift and to restrict this occurrence to acceptable levels.

Quality control data for Atomic Absorption Spectronhotometer (A.A.S.)
analyses, generated after the GEN HF attack (see Appendix B), are

reported in Table F1. In one sample batch, each sample was duplicated in
order to test the intra-batch precision, reported as a 7 variation from

the mean value. The average intra-batch precision for the whole data-set

is better thanm z 187 and is worst (e.g. I 537 for Ni) at low concentrations,

as was also shown by Thompson and Howarth (1976).

Between~batch or inter-batch precision estimates were carried out by
running internal standards {(i.e. VAS-0l, see Horder, 1979; S.P.VARN,
see Varnavas, 1979) with each sample batch and these are shown in Table
Fl. A comparison of A.A.S. analyses with reported data for external
standards showed that all A.A.S-analysed elements were accurate within

a range from +247 to -13%, relative to the external standards.

Quality control data for I.C.P. Spectrometry analyses, generated after
the GEN HF attack, are shown in Table F2. Within each sample batch, an

internal standard (09K 0~25 cms) was analysed and the standard deviatiom



TABLE F3.
RECISION AND ACCURACY DATA FOR {(INDUCTIVELY COUPLED PLASMA) SILICA ANALYSIS

PRECISION 510, SAMPLE si0p
Average % (N=3) t1.8 NIM-G (found) 7.53.
NIM-G (std) 7.57
% Maximum | 4.4
% ACCURACY -0.5

SGD-1a (found) 18.26

SGD-1a (std). 18.56

% ACCURACY -1.6 .

S5Y-3 (found) 29.05

SY-3 (std) 29.84

% ACCURACY ~2.6
ource of Standard Data:
rgillaceous Limestone ....... United States Natlonal Bureau of Standards (1lb)
IM-G i.iis ne taessnsasn «ee+. Geological Survey of Canada, Paper 80-14, Part 6 (1979 Edition)
ed Clay «i.viriann ceeacs .... Institute of Oceanographic Scliences (RED CLAY)
GD-lA ittt it vt sscananaa Geological Survey. of Canada, Paper B0-14, Part 6 (1979 Edition)
LP.VAYN svvisrecnsrnas---a.. S.P. Varnavas, unpubl. thesis (1979)
Ul ciiiininnn tetssessensseess Spectroscoplc Soclety of Canada, Falconbridge Nickel Mines Std; Revised values,G.H.Fayne & R.Sutarno
¥Y-3 ...... e seveevsss... Geological Survey of Canada, Paper 80-14, Part 6 (1979 Edition) [(197¢)
BS-0l V.iiienitanaanranannaes M.F. Horder, unpubl. thesis (13979)

62t
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for each element was determined over 25 runs. As with A.A.S. analyses,
the analytical accuracy was found by the use of external standards and
the errors vary from -127 to +14Z for Fe, Mn, Cu and Zn, relative to

the standards.

The determination of silica by I.C.P. spectrometry has been described
in Appendix B (see the ROCK attack) and the precision and accuracy for
the data is shown in Table F3. It can readily be seen that this method

of analysis is both very precise and very accurate.
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