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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
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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.
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PLATE 6.3.1. Core 10173~ the depth of the oxidised zome

PLATE 6.3.2. Core 10174- the depth of the oxidised zome

42 cms.

46 cms.
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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



FIG. 6.5.}.%XwRay diffractogram of sediment
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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



FI1G.8.4.1. Fe in surface sediments from the ‘1003 area.
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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 -
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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.

BT Ly Sl

NIV O “~grg
@ Y

AN 50

-1

3

i

e

Yy

—
B 43

(3 LI}

EFR

EL L 1)

Cq£O3

®

Fig.9.4.1.

ANE. 5545 / BGRJ GASS
TOARE 501
GEOMETER )
DARRET  SRA[T.KE ZL
BAMETRY AND STAIION .

e

EPR

<134 )0

MLy

21040

Fe
%

®
. 15-18

® 13-15
Fig,9.4.2, °

[rrE S525 4 0o+ Guss

SORNE 501

GEOMETER |
GARAET BRACTJRE JONF
BATHYMETRY AND SLATIONS

——

AL



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.

130 .u;n‘m: o -ngs 3 -In'r.n‘ -ﬁ'Tﬂ 1 1L )1 . + 3 . 1 R T JME"-ME‘ P
%
0

ek = @ -
T T P b " /T g -

14 e i :{:N

® <08
Fig.9.4.Z

PAE.5SSAG 7 BOA 7/ GRSS
Nk 04
“dl%ui‘llti
CGARREY BRACTURE Onit
BAHYRETRY AND SIAIONS

A)* 10

-

it ey

.l g +] b
TR0 .nz-]m' m1F 1 S T 0 i [ -mTz'a‘ uo"rn ;| P
| | La
| . >200
106, [ARm 23020
PP S W .
L ' 150-200
1105~ ﬁ;ﬁ% 3 KeHE !Q Hi2
nu.uf(({'f e BLKANF o s .
=S :'_?‘_ AN . < 150
— " N
[ 4 wk . .____\G 3= ) S e 18 Fia. 04.8.
. é P S PRE.554G / GG J GXS5
“oo Tans NNE  £0-11
$0 Tagh, 5 ma’éouﬂfﬂl
1 GARREY SRACTURE 7 oHE
EPR - ANHYMETR? AHD smm.ms_l
. —
®
3.0

9v¢



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



FIG.9.4.16. i/La in 13°-15°s area surface sediments. 256

..... £

.= Covw GITI07
) -1%r

- RISDPAC core

a4

CEY e )
ikt
i

x .
LG

G3TioI-158 f

3 s 1974 .

SLPM. cotwd {res

trom 4 Peterson |

i

Co - o
FIG.9.4.17. Plot of CacCO, versus water Depth in 139-15°s

area surface sediments.
- 9% CaCO3

60- 65 70 75 80 85 90 95 100
1 1 ! 1 L : 1 —

2750 .

2800 A

2850 A

2900 .
2950 4

3000 ~ .

3050 ]
3100 J- .
31504 . .

32004, .

WATER DEPTH (M)

3250

3300 .

33504



257

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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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

—

PLATE 10.3.2.
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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.

AL Gf?}i il
; f_-il§{1/7j /16

i difsy g
A TR Vo] s v
v NN T

D=OREDGE

G=GRAB

K=KASTEN
CORE

%Mn

> 10

FIG.10,4.3. Mn in surface sediments from the 19—2103 area of the E.P.R.

W i
- :,'“ T

)

D*DREDGE
G=GRAB
K=KASTEN
CORE




284

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
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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).



31

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



314

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 .



322

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:-



325

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
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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)
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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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