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ABSTRACT

The hydrothermal deposits that we analyzed from Leg 70 are composed of ferruginous green clays and fragments of
manganese-hydroxide crust.

Data from X-ray diffraction, IR-spectroscopy, electron diffraction, and chemical analyses indicate that the hydro-
thermal green clays are composed of disordered mixed-layer phases of celadonite-nontronite.

Electron diffraction shows that the parameters of the unit cells and the degree of three-dimensional ordering of
mixed-layer phases with 80% celadonite interlayers are very close to Fe-micas of polymorphic modification IM-
celadonite. In some sections, there is a tendency for the number of celadonite layers to increase with depth.

The manganese-hydroxide crust fragments are predominantly composed of todorokite (buserite).
An essential feature of hydrothermal accumulation is the sharp separation of Fe and Mn. Ba/Ti and Ba/Sr ratios

are typical indicators of hydrothermal deposits. Sediments composing the hydrothermal mounds were deposited from
moderately heated waters, which had extracted the components from solid basalts in environments where there were
considerable gradients of temperature, eH, and pH. The main masses of Fe and Mn were deposited in the late Pleisto-
cene. Postsedimentary alteration of deposited hydrothermal sediments led to their slight recrystallization and, in the
green clays, to celadonitization.

Further, factor analysis (by Varentsov) of chemical components from these hydrothermal deposits revealed parage-
netic assemblages. Green clays corresponding to a definite factor assemblage were formed during the main stage of hy-
drothermal mineral formation. Manganese hydroxide and associated components were largely accumulated during an
early stage and at the end of the main stage.

INTRODUCTION

Hydrothermal deposits and mounds in the area of the
Galapagos Spreading Center have attracted attention
from scientists for the last decade (e.g., Corliss et al.,
1978; Klinkhammer et al., 1977; Lonsdale, 1977; Weiss,
1977). The studies carried out during the Deep Sea Drill-
ing Project (DSDP) Leg 54 elucidated to a considerable
extent the nature of hydrothermal deposits and the pro-
cesses behind their formation (e.g., Donnelly, 1980; Dy-
mond et al., 1980; Hekinian et al., 1980; Hoffert et al.,
1980; Humphris and Hallman, 1980; Rateev et al.,
1980, Schrader et al., 1980).

Use of the hydraulic piston corer during Leg 70 per-
mitted the retrieval of undisturbed sediment samples,
representing continuous stratigraphic records of both
hydrothermal mounds and areas removed from zones of
hydrothermal activity.

The objectives of our work were to analyze the min-
eralogical composition of hydrothermal sediments by
use of the transmission electron microscope and the
scanning electron microscope, X-ray diffraction, and
electron diffraction, in order to discover the behavior of
various major components, including Ba and Sr, as well
as to estimate the effect of hydrothermal phenomena on
pelagic sedimentation processes.

Honnorez, J., Von Herzen, R. P., et al., Init. Repts. DSDP, 70: Washington (U.S.
Govt. Printing Office).

MATERIALS AND METHODS

All available samples were first studied under the light microscope
in thin section. We then selected samples for X-ray diffractometric
and other physical methods of analysis. X-ray diffraction was carried
out using the DRON-2 diffractometer (USSR) with radiation = CoK^
and CuKα under 35 kV and 20 raA. The rate of scanning was 2°/min.
and for detailed investigation 1 °/min. We obtained diffraction pat-
terns for air-dried samples, some of which were treated with glycerol
and ethylene glycol, decalcified, and heated to 550°C. Precision deter-
minations of spacing (060) of nonoriented specimens were performed
at the rate of 1 °/min. Interpreting the nature of mixed-layer clay
samples and identifying quantitative relationships between layers and
their alternation was done by correlating the experimentally obtained
patterns with diffractograms calculated for the corresponding models
(Drits and Sakharov, 1976). To determine the structural ordering of
the samples, we studied oblique textures (Zvyagin, 1964), using an
ER-100 electron diffractometer under accelerating voltage of 100 kV.
Infrared spectra in the range of 4000-400 cm"1 were taken for all
studied samples. Representative samples were studied under the scan-
ning electron microscope (Stereoscan-600, Cambridge) and the trans-
mission electron microscope.

The clay minerals were identified in accordance with the recom-
mendations of the International Committee on Clay Mineral Nomen-
clature (Bailey et al., 1979; Buckley et al., 1978).

The chemical composition of the sediments was determined at the
Chemical Analytical Laboratory of the Geological Institute of the
USSR Academy of Sciences, using a plasma spectroanalyzer (ICP) J.
Y.-48 (Joben Yvon, France), the weight being 0.1 g. The simulta-
neously estimated chemical components are shown in Table 1 (see also
Tables 2, 5-9). H 2 O + , H2C -, CO2, Co r g, and FeO were determined
for some samples by classical methods of wet analysis to control the
total sum. Concentrations of Cl, S, and several other microelements in
some samples were controlled using X-ray fluorescent spectrometry.
The instrument (MECCA-1044A, Link Systems, U.K.) had a power
dispersion detector. The initial solutions were prepared by a technique
close to that described by Walsh (1980). Determinations were con-
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Table 1. Comparison of chemical components in several international geochemical standards (Abbey, 1980) with results of plasma spectroscopy per-
formed at the Geological Institute of the USSR Academy of Sciences.

(wt.<Vo)

Siθ2
T i O 2

A1 2 O 3

F e 2 O 3

M n O
MgO
CaO
N a 2 θ
K 2 O

P2O5
BaO

Components
(wt.%)

SiO 2

T i O 2

A1 2 O 3

F e 2 O 3

MnO
MgO
CaO
Na 2O
K 2 O

P2O5
BaO

BX N

Recommended

7.39
2.41

54.53
23.27
0.05
0.11
0.17
0.06
0.07
0.13
0.003

DR-N

Recommended

52.88
1.10

17.56
9.69
0.21
4.47
7.09
3.00
1.73
0.25
0.042

Determined

7.43
2.11

54.71
23.64

0.07
0.06
0.12
0.05
0.11
0.11
—

Determined

53.18
1.04

17.64
9.81
0.23
4.39
7.07
2.98
1.69
0.26
0.047

Mica-Fe

Recommended

34.50
2.51

19.58
25.86
0.35
4.61
0.43
0.301
8.79
0.45
0.02

GA

Recommended

69.96
0.38

14.51
2.83
0.09
0.95
2.45
3.55
4.03
0.12
0.10

Determined

35.04
2.52

19.57
25.72
0.34
4.86
0.39
0.28
8.85
0.40
-

Determined

70.07
0.40

15.14
2.69

1.01
2.448
_

—

0.08
0.109

Standards (Abbey, 1980)

BR

Recommended

38.39
2.61

10.25
12.95
0.20

13.35
13.87
3.07
1.41
1.05
0.112

GH

Recommended

75.85
0.08

12.51
1.34
0.05
0.03
0.69
3.85
4.76
0.01
—

Determined

38.59
2.47

10.01
13.02
0.24

13.58
14.08
3.07
1.36
1.04
0.098

Determined

75.31
0.085

12.57
1.37
0.051
0.12
0.70
—

—
—

—

Mica-Mg

Recommended

38.42
1.635

15.45
9.43
0.26

20.46
0.08
0.12

10.03
0.01
—

DT-N

Recommended

36.52
1.40

59.21
0.66
0.008
0.04
0.04
0.04
0.12
0.09
—

Determined

38.41
1.68

14.98
9.46
0.24

20.85
—

0.18
9.88
—

—

Determined

36.65
1.28

59.02
0.60
0.004
0.11

—

0.04
0.15
0.20

—

UB-N

Recommended Determined

39.93
0.12
2.97
8.46
0.12

35.99
1.185
0.1

0.02
0.03
—

39.74
0.108
2.93
8.53
0.095

35.88
1.15
0.105
—

0.04
—

trolled by multiple measurement of 22 international standard samples
(Abbey, 1980; see Table 1). The computer (PDP 11/03) contained a
series of equations which described the relationship between concen-
trations of measured elements expressed as percentage of oxides.
Results were compared to data derived from classical methods of wet
chemistry. The deviation from the results of classical analysis did not
exceed twice Berenshtein's σr (where σr is a root-mean-square relative
deviation for the given range of concentrations) Berenshtein et al.,
1979).

It should be emphasized that the hydrothermal deposits and sili-
ceous carbonate sediments have a relatively limited set of mineral
components. This allowed us to focus on Hole 509B, from which there
was relatively complete recovery of undisturbed core. Data for other
holes are provided in relatively brief form.

Hole 509B

SITE 509

Mineralogy

Hole 509B was drilled on top a hydrothermal mound
and penetrated 33.4-meter-thick hydrothermal sediments
and foraminifer-nannofossil oozes. The lithology is de-
scribed in the site summary, this volume, as is the miner -
alogical composition of the sediments. Hole 509B has
an abundance of hydrothermal deposits, predominantly
green clays and, to a lesser extent, manganese hydrox-
ides in its upper portion (Fig. 1).

Sample 509B-1-2, 65-67 cm. Fragments of manga-
nese-hydroxide crust occur in the interval from 1.24 to
2.70 meters in the form of todorokite (buserite) (see Ta-
ble 2), relatively weakly crystallized (Frenzel, 1980; Gio-
vanoli, 1980), with a slight admixture of siliceous-clay
matter. The patches of todorokite (buserite) have a pe-
culiar nodule-like globular texture with traces of recrys-
tallization (see Plate 1 and Fig. 4).

Sample 509B-2-1, 52-54 cm. This sample is a finely
flaked, unevenly crystallized, green olive hydrothermal
clay, anisotropic in places, with relatively good crystal-
lization into fine flaked aggregates.

XRD showed (Figs. 2A-C) the main phase of this
sample to be a finely dispersed, mixed-layer mineral,
namely, mica-smectite, with a slight admixture of cal-
cite and halite. On the diffractogram of the natural sam-
ple exists relatively broad basal reflections from the
mixed-layer mineral with d spacings equal to 12.0, 4.86,
and 3.26 Å. After glycerol treatment within the low-
angle region, we observed the reflections, with d = 18.2
and 9.71 Å; within large angles we observed the broad
reflections, with d = 3.48 Å. After glycolation, the re-
flections were: d = 18.5, 9.70, and 3.35 Å. Heating the
sample at 550° C led to the typical XRD of hydromica or
that of dehydrated smectite, with reflections in the re-
gions of 10.0, 4.96, and 3.26 Å.

In order to identify the content and alternation pat-
tern of the different layers, diffractograms of the sam-
ples treated by glycerol and ethylene glycol were com-
pared with those calculated for corresponding models of
mixed-layer structures of mica-smectite (Drits and Sa-
kharov, 1976). Those closest to the experimental pat-
terns were diffractograms calculated for the model in
which Wm = 0.6, Ws = 0.4, Pss = 0.6, and S = 1, where
Wm and Ws are equal to the relative content of mica and
smectite layers, respectively; Pss is the transition prob-
ability of smectite-layer occurrence (provided that it fol-
lows the smectite layer); and S equals "reichweite" (a
factor of close ordering). Our interpretation of the co-
efficient of probability suggests that in this structure,
mica and smectite layers tend to segregate. In addition,
detailed analysis of the d spacings of the diffractograms
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Water Depth (m)

g β £ Hole 509B Sample
° o•S« (interval in

K 2702 m c m )

Mineralogy
20 40 60 80(%)

Fe/(Fe+Mg+AI)
0.2 0.4 0.6 0.8

AI/(Fe+Mg+AI)
0.2 0.4 0.6 0.8

i

K/(Fe+Mg+AI)
0.2 0.4 0.6 0.8

(CLD) 0.17 (GT) (NTN)(NTN)(GT) (CLD) 0.70 0.02 (GT) 0.31 CLD
(MNT) (MNT) (MNT) (ILT)

0.18 0.73
(ILT) (ILT)

LEGEND

Foraminiferal nannofossil i Celadonite, statistical av. (filling amygdule
| in basalts) (Wise and Eugster, 1964)

Hydrothermal green granular-globular clays;
(a) coarse-globular, (b) fine-globular

Manganese-oxide crust fragments

| Diatomic radiolarian nannofossil ooze

Basalt fragments

j Fe-mica (%)

I Todorokite (buserite)

I Fe-dioctahedral smectite (%)

Calcite

Relatively well crystalized varieties

Admixture of zeolites (phillipsite)

| Quartz plus opal CT

Ratios of components in basalts
(Turekian and Wedepohl. 1961)

NTN Nontronite, statistical av. (Kerr, 1950)

HMoπtmorillonite, statistical av.
(Weaver and Pollard, 1973)

θ I Mite, statistical av. (Weaver and Pollard.
1973)

WWÅ Ratio• Fβ/'Fe + M 9 + Al»

F % ^ Ratio, AI/(Fe + Mg + Al)

× x * x × Ra t io• B a / T i

Non-cored intervals

Glauconite. statistical av. (Weave
and Pollard, 1973, p.26)

Ratios of components in deep sea calcareou
sediments (Turekian and Wedepohl, 1961)

Ratio of components in pelagic clay

Site 509

Figure 1. Distribution of mineral components and the ratios Fe/(Fe + Mg + Al), A1/(A1 + Mg + Fe), and K/(Fe + Mg + Al), Hole 509B.
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Table 2. Chemical composition of upper Cenozoic sediments, Hole 509B.

No.

1
2
3
4

5
6
7
8
9

10
11
12

13
14

15

16
17

18

19

20
21

22

Sample
(interval in cm)

1-1, 65-67
1-2, 65-67
2-1, 52-54
2-2, 57-59
2-3, 80-82
3-1, 58-60
3-2, 129-131
3-3, 27-29
4-1, 103-105
4-2, 23-25
4-3, 18-20
5-1, 68-70
5-2, 65-67
5-3, 23-25
6-1, 68-70
6-2, 51-53
6-3, 68-70
7-1, 80-82
7-2, 80-82
7-3, 80-82
8-1, 98-100
8-3, 58-60

SiO2

15.61
1.74

43.24
43.86
15.18
29.30
45.07
46.40
48.21
48.42
44.94
13.47
7.99

15.10
8.35
7.91
8.07
5.66
8.52
7.16

12.91
11.52

TiO2

0.10
0.03
0.01
0.02
0.14
0.04
0.28
0.02
0.004
0.02
0.02
0.10
0.08
0.08
0.09
0.15
0.07
0.06
0.08
0.08
0.13
0.18

A1 2 O 3

3.05
1.35
0.48
0.58
3.72
1.37
6.67
0.56
0.30
0.59
0.61
3.02
2.47
2.54
2.69
2.76
2.31
2.19
2.65
2.48
3.58
3.27

Fe 2 O 3

1.95
0.61

28.25
28.76

1.72
18.81
17.62
28.01
29.19
28.22
30.82

1.64
1.41
5.72
2.46
1.77
2.03
1.02
1.50
1.21
2.43
2.58

MnO

6.90
61.4

0.60
0.12
0.78
7.90
0.32
0.11
0.03
0.04
0.06
0.83
0.85
1.74
0.45
0.39
0.37
0.41
0.27
0.21
0.28
0.26

MgO CaO
(wt.<Vo; air-dried)

1.35
3.58
2.95
3.13
1.16
2.98
4.35
3.55
3.68
3.79
3.66
1.35
0.86
1.91
1.32
0.90
1.33
0.75
0.83
0.83
1.43
1.58

25.78
1.07
1.51
0.35

34.48
6.45
3.21
0.22
0.04
0.00
0.50

39.69
43.16
33.42
42.31
45.11
41.72
50.10
44.93
47.92
37.70
40.97

P2θ 5

0.09
0.05
0.02
0.00
0.03
0.07
0.26
0.04
0.03
0.001
0.03
0.03
0.05
0.08
0.02
0.06
0.00
0.02
0.05
0.03
0.05
0.05

Na 2O

5.07
2.96
2.36
3.00
3.14
2.57
5.76
2.18
1.80
2.78
2.72
2.99
2.22
2.30
2.52
2.11
2.43
1.67
2.05
2.14
3.04
3.17

K 2 O

0.50
0.99
2.03
1.48
0.49
1.69
2.07
3.41
3.61
2.83
2.87
0.42
0.30
0.76
0.37
0.31
0.33
0.24
0.40
0.30
0.59
0.45

BaO

0.259
0.406
0.026
0.065
0.268
0.184
0.603
0.049
0.000
0.029
0.086
0.268
0.289
0.261
0.171
0.176
0.179
0.144
0.190
0.190
0.283
0.252

SrO

0.105
0.060
0.004
0.005
0.136
0.036
0.037
0.005
0.003
0.003
0.006
0.126
0.153
0.109
0.137
0.152
0.134
0.149
0.136
0.129
0.115
0.118

for glycerinated and dehydrated samples showed that
the considered phase is represented by fine dispersed
particles which contain less than 20 elementary 2:1 lay-
ers. This conclusion is supported by the irregular series
of basal reflections, with d = 10.0 and 3.29 A, which is
observed on the diffractogram of the sample heated at
55O°C (Fig. 2); on the diffractogram of the glycerine-
treated sample is a broad reflection with d = 18.2 Å
(Drits and Sakharov, 1976).

An interesting feature of the intensities on the dif-
fractogram of the dehydrated sample iso the presence of
a rather weak reflection, with d = 4.96 Å, which may be
evidence for a high content of Fe cations in the octa-
hedrons of the 2:1 layers (Fig. 2).

On the infrared spectra one can observe a broad band
of absorption in the region 3530-3550 cm-1, which sup-
ports our conclusions concerning the 2:1 layers (Fig. 3).

Sample 509B-2-2, 57-59 cm. This sample is a weakly
crystallized and almost isotropic green hydrothermal
clay with a distinctly globular, patch-like texture. The
size of the globules ranges from 0.007-0.015 mm up to
0.3 mm.

XRD of this sample (Figs. 2D-F) and comparison
with the calculated diffraction patterns, showed that the
main component is the finely dispersed, highly ferrugi-
nous mixed-layer phase mica-smectite, with Wm: Ws -
0.5:0.5 and S = 0. Thus, in this sample, the mica and
smectite layers are alternating in complete disorder;
slight amounts of halite were admixed.

Sample 509B-2-3, 80-82 cm. This sample is composed
of ooze (radiolarian, 5%; diatomic, 10%; foraminifer,
20%; nanno-micritic, 60%) with a few patches of green
globular clay, similar to hydrothermal clay.

Sample 509B-3-1, 58-60 cm. This sample is composed
of fragments of manganese-hydroxide crust. The ground-
mass is manganese hydroxides with colloform-globular
texture; the globules are 0.015-0.04 mm in size, while
their aggregates are up to 0.4 mm. There is a slight ad-
mixture of siliceous-clay material (20%). XRD (Fig. 4B)
indicates that the managanese hydroxides are predomi-

nantly todorokite (buserite) with an admixture of calcite
and traces of residual halite (Table 2, Fig. 4, Plates 2, 3).

Sample 509B-3-2, 129-131 cm. This green to green
olive hydrothermal sediment is composed of globules of
clay matter (0.04-0.07 mm) and their aggregates (up to
0.4 mm). Crystallized parts have fine flaky patches. In
places there are patches composed of pale green clay mat-
ter containing aggregates of zeolite and feldspars. XRD
(Figs. 2G-I) indicates that it is represented by disordered
layers of Fe-mica and Fe-smectite in proportion 80:20,
S = 0, with an admixture of zeolite (phillipsite type), feld-
spar, and traces of halite.

Sample 509B-3-3, 27-29 cm. This sample is composed
of a green hydrothermal clay, with remains of radiolar-
ians and diatoms replaced by clay matter. In the zones of
replacement, the clay matter is considerably lighter. As a
whole, the clay groundmass is almost not crystallized; it
is isotropic, with a weakly expressed globular structure
and a few crystals of phillipsite. XRD (Figs. 2J-L) indi-
cates that the clay is represented by disordered mixed
layers of Fe-mica and Fe-smectite in the proportion Wm:
Ws = 70:30, S = 0.

Sample 509B-4-1, 103-105 cm. This is a relatively
homogeneous green hydrothermal clay. Observed in po-
larized light, the groundmass consists of spherulitic ag-
gregates, 0.007-0.04 up to 0.15 mm in size. Isometric
strain crystals are well developed in some vein-like areas
(0.04 × 0.02 mm). XRD suggests that it is composed of
highly ferruginous mixed-layer phases, with alternating
layers of Fe-mica and Fe-smectite in the proportion Wm:
Ws = 80:10, and with a slight tendency for similar layers
to segregate (Pss = 0.3; 5 = 1). The photomicrographs
taken under the scanning electron microscope (Plates 4,
6) distinctly show globular structure and distribution of
newly formed acicular crystals of Fe-mica.

Sample 509B-4-2, 23-25 cm. This is a green hydro-
thermal clay with indistinct globular texture; it is almost
isotropic in polarized light, with relict biogenic struc-
tures (20% diatoms and foraminifers) which have been
replaced by clayey matter. In these same replacement
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12.0

Sample 509B-2-1, 52-54 cm
(natural)

Sample 509B-3-2, 129-131 cm
(natural)

3.33
3.21 I 3.55 4.26

N i l ,

Sample 509B-4 2, 23-25 cm
(natural)

3 3 5 (heated at 550° C)

Sample 509B-3-3, 27-29 cm
(natural)

Sample 509B-4-3, 18-20 cm
~3.30 (natural)

2.82

9.88

(glycerinated) 110.05

Figure 2. X-ray diffraction patterns (Co-anticathode) of hydrothermal green sediments, Hole 509B. A. Sample 509B-2-1, 52-54 cm, natural; B. same sample treated with glycerol; C. same
sample heated at 55O°C. The sample is composed of heterogeneous, disordered, mixed-layer phases of Fe-mica (celadonite) and Fe-dioctahedral smectite (nontronite) (70:30) (Drits and
Sakharov, 1976). D. Sample 509B-2-2, 57-59 cm, natural; E. same sample treated with glycerol; F. same sample heated at 55O°C. The sample is composed of disordered, mixed-layer phases of
Fe-mica (celadonite) and Fe-dioctahedral smectite (nontronite) (50:50) (Drits and Sakharov, 1976). G. Sample 509B-3-2, 129-131 cm, natural; H. same sample treated with glycerol; I. same
sample heated at 55O°C. The sample is composed of heterogeneous mixed-layer phases of Fe-mica (celadonite) and Fe-dioctahedral smectite (nontronite), with small admixtures of phillipsite,
plus traces of quartz and feldspar. J. Sample 5O9B-3-3, 27-29 cm, natural; K. same sample treated with glycerol; L. same sample heated at 55O°C. This sample is composed of heterogeneous
mixed-layer phases of Fe-mica (celadonite) and Fe-dioctahedral smectite (70:30) (Drits and Sakharov, 1976). M. Sample 509B-4-2, 23-25 cm, natural; N. same sample treated with glycerol;
O. same sample heated at 55O°C. The sample is composed of heterogeneous mixed-layer phases of Fe-mica (celadonite) and Fe-dioctahedral smectite (80:20). P. Sample 509B-4-3, 18-20
cm, natural; Q. same sample treated with glycerol; R. same sample heated at 550°C. This sample is composed of mixed-layered phases of Fe-mica (celadonite) and Fe-dioctahedral smectite
(nontronite) (80:20), with distinct homogeneity.
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I \
509B-2-1,52-54 cmPR
509B-2-2.57-59 cm

Yi
509B-3-2,129-131 cm

509B-4-3, 18-20 cm

4000 3800 3600 3400 1700 1500 1300 1100 900 800 700 600 500 400
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Figure 3. IR-spectra of natural samples of green hydrothermal clays, Hole 509B. (See also Fig. 1.)

Sample 509B-3-1, 58-60 cm

3.03

1.908 2.094 2.280 2.491 2.82

Figure 4. X-ray diffraction patterns (Co-anticathode) of natural samples of crust-like deposits composed
of manganese hydroxide, Hole 509B. (See also Fig. 1, Table 2.) A. Sample 509B-1-2, 65-67 cm,
represented by weakly recrystallized todorokite (buserite). B. Sample 509B-3-1, 58-60 cm, composed of
todorokite (buserite) with a slight admixture of calcite and halite. (See also Fig. 1.)

zones, the recrystallization of clayey matter is relatively
high. XRD (Figs. 2M-O) suggests that the sample is
rather similar to Sample 509B-4-1, 103-105 cm (Fig. 1).

Sample 509B-4-3, 18-20 cm. This is an olive green
hydrothermal clay, very weakly crystallized. In places it
has rare spots of goethite patches, the product of rela-

tively late-stage alteration. XRD (Figs. 2P-R) indicates
that the clay contains mixed layers of Fe-mica and Fe-
smectite in the proportion Wm:Ws = 80:20, S = 0. It has
a pronounced globular texture with indistinct lamina-
tion within a single globule and a definite recrystalliza-
tion pattern of acicular to fibrous crystallites of Fe-mica
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(Plates 4-6). Traces of calcite, halite, and phillipsite
were noted.

Sediments from the deeper intervals down to basaltic
basement (see Fig. 1) are represented by foraminifer-
nannofossil-micritic oozes (up to 60%), clayey, with rare
remains of radiolarians and diatoms; sometimes with
spots of hydrothermal green clay matter (Samples 509B-
5-1, 68-70 cm and 5O9B-5-3, 23-25 cm), with fragments
of brown basalt glass (Sample 509B-6-2, 51-53 cm; Sam-
ple 509B-7-3, 80-82 cm), scattered manganese hydrox-
ides, and to a lesser extent, iron hydroxides (Sample
509B-6-3, 68-70 cm; Sample 509B-7-1, 80-82 cm).

Our observations on the mineral composition of green
hydrothermal clays were refined by electron diffraction
study of oblique textures. Three representative samples
from Hole 509B (i.e., Sample 5O9B-3-3, 27-29 cm, Sam-
ple 509B-4-1, 103-105 cm, and Sample 509B-4-3, 18-20
cm) were studied. The electron patterns of oblique tex-
tures (EOT) showed rather well-resolved spatial reflec-
tions (hKl), with index K = 3n (201, 131) on the second
ellipse and with K Φ 3 (021, 111) on the first ellipse. This
pattern shows the existence of three-dimensional order
in the minerals in vacuum conditions (Fig. 5). The posi-
tion of the reflections and the distributions of intensities
over EOT for all the samples are very close and similar
to the distribution of intensities of reflections over EOT
of celadonite and glauconite minerals (Zvyagin, 1964).
Analyses of geometric patterns and estimation of spa-
tial-reflection intensities permitted us to identify the pa-
rameters of unit cells of minerals and to establish that
the varieties studied can be considered polymorphic mod-
ifications of the mica IM (Table 3).

The fact that the intensity of reflection on the small
axis of the 6th ellipse considerably exceeded that on the
7th ellipse appeared to be common for all EOT (see Fig.
5). This shows that the minerals are highly ferruginous

Table 3. Parameters of unit cells of samples of monomineral compo-
nents of green hydrothermal clays, Hole 509B.

No.

1
2
3

Sample
(interval in cm)

509B-3-3, 27-29
509B-4-1, 103-105
509B-4-3, 18-20

a

(Å)

5.24
5.24
5.24

b

(Å)

9.08
9.08
9.08

c

(Å)

10.12
10.15
10.12

d

(°)

100.6
100.4
100.5

C. sin/3

(Å)

9.95
9.98
9.95

Figure 5. Electron diffraction pattern of oblique texture of green hy-
drothermal clay, Sample 5O9B-3-3, 27-29 cm.

(Zvyagin, 1964). In addition, the EOT's of all samples
indicate that those reflections with index 022 on the first
ellipse are considerably weaker than the corresponding
reflections for celadonites and glauconites. This is evi-
dence for a lower concentration of interlayered K+ cat-
ions in the structures of the minerals studied (Tsipursky
et al., 1978). A different background of diffuse scatter-
ing (the least of which is found in Sample 5O9B-3-3,
27-29 cm [see Fig. 5]) possibly results from different
concentrations of defects in the packing of the 2:1 lay-
ers. Clay samples with similar mineral composition were
recovered from hydrothermal sediments in the Atlantis
II basin of the Red Sea (Butuzova et al., 1979).

The data from chemical analysis (Table 2) were recal-
culated for each sample on the average structural for-
mula of the mixed-layer mineral, taking into account
the presence of admixtures of calcite and halite.

In Table 4 are given the results of XRD and chemical
analysis of the green clay samples: namely, the relative
content of mica and smectite layers (Wm:Ws); the aver-
age structural formula of minerals, recalculated to an-
ionic composition O10(OH)2; the charge of tetrahedral
and octahedral sheets; d(00l) for natural sample spac-
ings of d(060); and parameter b.

All of the samples studied may be divided into two
groups on the basis of the relationships between the mica
and smectite layers of mixed-layer phases. Those sam-
ples confined to the upper group of the section (Samples
509B-2-1, 52-54 cm and 509B-2-2, 57-59 cm) are char-
acterized by a Wm:Ws ratio ranging from 0.5:0.5 to
0.6:0.4, whereas in samples from the lower part of the
section (Samples 509B-3-3, 27-29 cm; 509B-4-1, 103-105
cm; 509B-4-2, 23-25 cm) the ratio varies from 0.7:0.3 to
0.8:0.2. The pronounced increase in the mica compo-
nent is represented by the fact that downward in the sec-
tion the decrease of the basal spatings c?(001) of the
natural samples from 12.3 to 10.7 Å is shown. Along
with it, in this direction, the content of K+ cations in-
creased from 0.16 to 0.37 (recalculated to the half unit
cell), accompanied by a parallel decrease of Mg contents
within interlayered positions. Thus, downward in the
section one observes the micatization of the initial clay
matter.

In order to determine the nature of the mica phase, it
seems appropriate to consider in detail the whole set of
crystallochemical and structural characteristics of the
samples studied. Worthy of attention is the high fer-
ruginity of all the samples and the absence of Al from
their composition. Table 4 shows that for samples from
the upper part of the section the negative charge of the
2:1 layers is approximately equally shared between octa-
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Table 4. Results of X-ray diffraction and crystallochemical study of hydrothermal green clay samples, Hole 509B.

Sample
No. (interval in cm) Wm:Ws

Structural Formula
to Oio(OH)2

Charge

Tetrahedron Octahedron (Å) (Å)
b

(Å)

1 2-1, 52-54

2 2-2, 57-59

Average: Nos. 1, 2

3 3-3, 27-29

4 4-1, 104-105

5 4-2, 23-25

Average: Nos. 3, 4, 5

Structural formula
for mica component
(celadonite)

Structural formula for
smectite component
(nontronite)

0.60:0.40

0.50:0.50

0.55:0.45

0.75:0.25

0.80:0.20

0.70:0.30

0.75:0.25

1:0

(s i3

(s i3

(Si3

(Si3

(s i3

(Si3

(s i3

.81 A10.05Fe0.14)(Fel .73M80.27)M80.12K0.23

.80A10.06Fe0.14)(Fe1.72MS0.28)Më0.13K0.16Ca0.03

84A10.05Fe0.1 l)(F el .63MSO.37)M80.07KO.36CaO.02

.85A1O.O3Fe0.12)(Fe1.63,MSO.37)MëO.O7KO.37

)(F

86A1O.O5FeO.O9)(Fe1.63MëO.37)MgO.O9KO.33
a" . ö O M g O ^ K o ^

0.19

0.20

0.20

0.16

0.15

0.12

0.14

0.05

0.27

0.28

0.27

0.37

0.37

0.36

0.37

0.40

12.0

12.3

—

10.9

10.7

11.2

—

_

1.5163

1.5166

—

1.5146

1.5148

1.5144

—

_

9.098

9.100

—

9.088

9.089

9.086

—

0 : 1 [Si3.6θ(A 1 'F e 3 +)θ.4θ](Fe1.8OMëO.2θ)MgO.3O 0.40 0.20

hedral and tetrahedral nets; whereas in samples from
the lower part of the section, the charge is localized
within octahedrons, mainly because of the substitution
of Fe 3 + forMg.

One remarkable feature of the mixed-layered miner-
als we studied is the low degree of substitution within
tetrahedrons of Si (mainly for Fe 3 + and, in the lower
portion, for Al). At the transition from the upper part
of the section to the lower part, this value decreased
from 0.20 to 0.12. Along with a decrease of Fe 3 + from
1.73 to 1.64 an associated increase of Mg from 0.27 to
0.37 within octahedrons of 2:1 layers (expressed in for-
mula units) was noted. It is possible to calculate the ap-
proximate structural formulas separately for mica and
smectite layers (Table 4). Consideration of these for-
mulas shows that the composition of the mica compo-
nent is similar to that of celadonite because in the tetra-
hedrons there is practically no substitution of Si for Al
and Fe, and the whole negative charge of the 2:1 layer is
localized within the octahedrons as a consequence of
substitution of Fe3 + for Mg. However, these layers are
not yet truly celadonite in composition, because their
octahedrons contain considerable amounts of Fe3 + (1.60)
and the interlayers have lower concentrations of K+ cat-
ions (0.45). At the same time, the structural formula of
the smectite layers is close to that of nontronite, because
the total negative charge of the 2:1 layers is caused by
the isomorphous substitution of Fe3 + for Mg within oc-
tahedrons, as well as by the considerable content of
three valence cations (Fe3+ and Al) in tetrahedrons.
With respect to these features, the results of precise mea-
surements of tf(060) for the samples studied becomes
clearer. Table 4 shows that with an increase in the mica
component, the spacing d(060) decreased from 1.5166
to 1.5144. However, the value of this parameter is essen-
tially higher than that of celadonite: tf(060) 1.510Å.
This discrepancy is caused by the low content of K cat-
ions in the mica layers, the high ferruginization of octa-
hedrons, and the replacement within tetrahedrons of Si,
mainly for Fe3 + .

It should be emphasized again that the EOT of the
samples from the lower part of the section provides evi-

dence for the high degree of three-dimensional ordering
of 2:1 layers, which is typical of the true micas of poly-
morphic modification IM.

Thus, detailed analysis of these samples shows that in
this section celadonitization accounts for transforma-
tion of nontronite components. This process is accom-
panied by input and fixation of K+ cations within ex-
panding interlayers, liberation of Fe3+ from the tetra-
hedrons and octahedrons of 2:1 layers, the entrance of
Mg into octahedral positions, and the increase in struc-
tural ordering of minerals.

Fe3+ is the main component in the composition of
green hydrothermal clays with extremely low amounts
of Al (traces) and rather moderate, permanent amounts
of Mg. In relatively pure varieties of hydrothermal
clays, the ratio of Fe/(Fe + Mg + Al) is 0.8 to 0.9 (see
Fig. 1). This sharply differentiates them from clay com-
ponents of carbonate oozes in the lower part of the sec-
tion, where the values of Fe/(Fe + Mg + Al) seldom ex-
ceed 0.4. The difference between clay from hydrother-
mal sediments and clay from carbonate oozes is most
distinctly pronounced in comparisons of the Al/(Fe +
Mg + Al) ratio in the section (see Fig. 1); in hydrother-
mal sediments, this value rarely exceeds 0.05, while in
carbonate oozes it is, as a rule, about 0.3 to 0.5. Figure 1
shows these ratios, calculated for typical varieties of
montmorillonite, illite, celadonite, glauconite, and non-
tronite (Weaver and Pollard, 1973; Wise and Eugster,
1964; Kerr, 1950). From these data we may assume that
the clay components of carbonate oozes in the lower
part of the section are represented by ferruginous mont-
morillonite-illite. We should also mention that the val-
ues of the K/(Fe + Mg + Al) ratio in the section deviate
only slightly from 0.1 (see Fig. 1). This is not inconsis-
tent with the conclusions drawn.

Aspects of Geochemistry
Distinct separation of Mn and Fe in the main types of

sediments is typical of the hydrothermal deposits we
considered. In green clays, which concentrate most of
the Fe, Mn is practically not accumulated; while the
manganese-hydroxide crust-like deposits contain in most
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cases very little Fe (see Table 2). This is clearly seen in
the distribution of the Mn/Fe ratio over the sequence
(Fig. 6). In the lower part of the section, composed of
foraminifer-nannofossil sediments, the Mn/Fe value sub-
stantially exceeds values typical for ocean basalts, car-
bonates, and clay sediments (Turekian and Wedepohl,
1961). In addition, there is a distinct tendency for the
Mn/Fe ratio to increase toward the top of the carbonate
sedimentary portions. The latter can be interpreted as
an indication of a growth in time of relatively low-tem-
perature hydrothermal activity as a result of activation

of the fault area. This conclusion is confirmed by a con-
formable (with Mn/Fe) change in the values of the Ba/
Ti ratio as a typical indicator of hydrothermal activity.
It should be mentioned that the Ba/Ti ratio both in hy-
drothermal deposits (particularly in varieties composed
of manganese hydroxides; see Sample 509B-1-2, 65-67
cm) and in foraminiferal oozes is essentially higher than
in basalts, oceanic carbonates, and clay sediments (see
Fig. 6) (Turekian and Wedepohl, 1961). The Ba/Sr val-
ues according to the experimental data permit us to sep-
arate the relatively high-temperature hydrothermal sedi-

fi
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β> s -9 α ,.
• g o JD a) (interval in

O w w Q 2702 m cm)
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Figure 6. Distribution of Mn/Fe, Ba/Ti, and Ba/Sr ratios, Hole 509B.
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ments, represented by green clays, from the relatively
low-temperature varieties composed of manganese hy-
droxides (Fig. 6). The values of this ratio are particular-
ly distinctly manifested for the hydrothermal sediments
as a whole and for foraminiferal oozes (Fig. 6). Never-
theless, the foraminiferal oozes are characterized by the
Ba/Sr value exceeding this parameter for deep-sea car-
bonate sediments by 10- to 20-fold (Turekian and Wede-
pohl, 1961).

SITE 507
Site 507 occupies a small, l-×2-km portion of the

region of hydrothermal mounds; we studied all three
holes: 507D, 507F, 507H (see Site 507 report).

Hole 507D
Hole 507D was drilled on a hydrothermal mound;

from it was recovered a 26-meter-thick section of green
hydrothermal clay, alternating in some intervals with
siliceous foraminiferal nannofossil oozes, and a 10-me-
ter-thick unit of foraminiferal nannofossil oozes. A de-
tailed description of the hole is given in the site sum-
mary, this volume (Figs. 7, 8; Table 5).

Mineralogy
In this hole, hydrothermal sediments are predomi-

nantly represented by green globular clays. XRD and
IR-spectroscopy identified two types of such clays. The
first is represented by clays composed of a continuous
series of mixed-layer phases with differing content of
mica and smectite layers. The diffraction patterns of
these clays have weakly expressed diffraction plateau
shaped peaks and do not permit us to estimate even ap-
proximately the relationship between different layers
(Samples 507D-2-1, 30-32; 507D-6-2, 43-45; 507D-7-3,
131-135; 507D-8-1, 77-79). The second type is repre-
sented by a mixed-layer phase, with Fe-mica and Fe-
smectite in the proportion 70:30 and disordered alterna-
tion (Samples 507D-3-1, 80-82; 507D-3-3, 21-23; 507D-
4-2, 45-47; 5O7D-5-3, 28-30; Fig. 7). Sample 507D-4-1,
62-64 has a particularly distinct tendency toward seg-
regation of different layers. The distribution of Fe/(Fe
+ Mg + Al) in the sequence shows that in the lower part
of the hydrothermal sediment unit (i.e., Sample 507D-
6-2, 43-45 cm and below), green clays of the first type
predominate, the value of this ratio does not exceed
0.80; while for the mixed-layer phases with relatively
segregated celadonite and nontronite layers, this param-
eter exceeds 0.85 and reaches 0.90 (Table 5). On the
basis of microscopic study of these sediments it can be
concluded that the decrease in ferrugineity of green
clays derives from their contamination by residual prod-
ucts after dissolution of siliceous-carbonate oozes by
hydrothermal solutions. Thus, the tendency toward in-
creasing celadonitization with depth, detected during
the study of Hole 509B, is also true for this hole, except
for the lower green clays, which were contaminated by
residual products of dissolution.

As in the case of Hole 509B (Fig. 1), the clay material
of the foraminiferal nannofossil oozes shows a rela-

tively higher concentration of Al as compared to the
green hydrothermal clays.

Aspects of Geochemistry
The distribution patterns of Mn/Fe, Ba/Ti, and Ba/

Sr ratios established for Hole 5O9B sediments (Fig. 6)
are also true as a whole for this section (Fig. 8). Devia-
tions may result from the contaminating and diluting ef-
fects of the products of dissolution of siliceous-carbon-
ate sediments during their interaction with hydrother-
mal solutions.

Hole 507F
Hole 507F was drilled 50 km WNW along the strike

of a hydrothermal mound-like ridge from Hole 507D
(Table 6). The hole was drilled on the flank of a mound.
The upper, 15-meter-thick, siliceous foraminiferal nan-
nofossil sediments contain a 2-meter-thick unit of green
hydrothermal clays and are underlain by foraminiferal-
nannofossil ooze (see site summary).

Mineralogy
XRD indicates that the green hydrothermal clays are

composed of different types of mixed-layered, highly
ferruginous phases of mica-smectite. One type is com-
posed of pockets (Wm:Ws = 0.8:0.2 and 0.2:0.8) which
alternate completely at random (Sample 507F-2-2, 80-
82 cm). They have an admixture of feldspars and quartz
(Fig. 9). As in the case of Hole 509B, the clay compo-
nents of hydrothermal and siliceous-carbonate pelagic
sediments sharply differ in Fe and Al concentrations.
These differences are reflected in the distribution of Fe/
(Fe + Mg + Al) and Al/(Fe + Mg + Al) ratios (see Fig.
9). These data show that the clay matter of siliceous-car-
bonate sediments is composed of a weakly ferruginized
montmorillonite-illite—i.e. components that are essen-
tially different from the hydrothermal clays.

Aspects of Geochemistry
The main distribution tendencies of Mn/Fe, Ba/Ti,

and Ba/Sr ratios which were established for Hole 509B
(Fig. 6) are also true for Hole 507F (Fig. 10). However,
comparison of the data reveal relatively smaller values
for these ratios, which may be a consequence of the
somewhat weakened effect of hydrothermal emissions
on sedimentation. The position of the hole on the flank
of a hydrothermal mound and the relatively small pro-
portion of hydrothermal sediments (2 m) in the total
section of deposits (29 m) is not inconsistent with this in-
terpretation.

Hole 507H
Hole 507H was drilled 200 meters to the south of

Hole 507D in an area remote from the hydrothermal
mounds; from it was recovered a 32-meter-thick unit of
pelagic sediments (including, downward from the top
oozes, 4-meter-thick weakly siliceous varieties, and 14
to 15-meter-thick foraminiferal nannofossil sediments
in the lower part of the sequence) without any notable
traces of green hydrothermal clays (see site summary
and Table 7).
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Figure 7. Distribution of mineral components and the ratios of Fe/(Fe + Mg + Al) and Al/(Fe + Mg + Al), Hole 507D.

Aspects of Mineralogy and Geochemistry

The mineral composition of pelagic sediments from
Hole 507H is close to that described for Hole 509B (Fig.
6). Distribution of Fe/(Fe + Mg + Al) and Al/(Fe + Mg
+ A1) ratios in Hole 507H is relatively homogeneous
and indicates that clay components are represented by

weakly ferruginous montmorillonite-illite. Any percep-
tible traces of hydrothermal clays with typical, extreme-
ly low amounts of Al/Al(Fe + Mg + Al) <O.l were not
established in this section. The Mn/Fe, Ba/Sr, and par-
ticularly the Ba/Ti ratios slightly exceed the values for
deep-sea carbonate sediments. This indicates the effect
of hydrothermal emissions on siliceous-carbonate sedi-
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Figure 8. Distribution of ratios: Mn/Fe, Ba/Ti, Ba/Sr, Hole 507D.

ments in this area. However, compared to those holes
drilled on top of hydrothermal mounds and correspond-
ingly less removed from basement faults, the effect of
hydrothermal emissions on sedimentation in these sec-
tions manifests itself relatively weakly (Fig. 6).

SITE 506
Site 506 is a relatively limited area (1 × 2 km) of rather

large hydrothermal mounds and ridges (15-20 m high)

with high heat flow and considerable hydrothermal ac-
tivity (see Site 506 report).

Hole 506
Hole 506 was drilled on the top of a hydrothermal

mound. The composition of the sediments recovered is
described in the site summary, this volume. It should be
emphasized that the true stratigraphic sequence begins
at the top of Core 2 (Fig. 11; Table 8). The thickness of
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Table 5. Chemical composition of upper Cenozoic sediments, Hole 507D.

No.

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25

Sample
(interval in cm)

1-1, 39-41
2-1, 30-32
2-2, 77-79
3-1, 80-82
3-2, 85-87
3-3, 21-23
4-1, 62-64
4-2, 45-47
4-3, 49-51
5-1, 78-80
5-2, 82-84
5-3, 28-30
6-1, 12-14
6-2, 43-45
6-3, 101-103
7-1, 84-86
7-2, 134-136
7-3, 131-133
8-1, 77-79
8-2, 57-59
8-3, 107-109
9-1,70-73
9-2, 70-73
9-3, 70-73
10-1,95-98

SiO2

16.44
44.45
39.62
45.83
44.27
47.65
48.94
48.37
44.94
52.46
12.55
47.89
47.22
34.75
16.07
19.82
29.52
26.22
24.13

8.56
11.50
10.13
6.45
7.51
8.95

TiO2

0.11
0.05
0.24
0.06
0.35
0.02
0.004
0.05
0.11
0.29
0.11
0.05
0.02
0.20
0.08
0.08
0.05
0.03
0.06
0.04
0.11
0.08
0.06
0.07
0.12

A12O3

3.60
1.37
5.51
1.68
8.54
0.88
0.38
1.40
3.01
9.81
2.99
1.30
0.76
4.87
2.23
2.39
2.13
1.11
1.63
1.50
3.26
2.54
2.18
2.31
2.73

Fe2O3

3.27
27.96
11.22
26.42
7.91

28.67
29.36
27.05
22.58

8.47
3.90

27.71
29.30
13.90
7.69
9.12

15.40
14.59
13.10
4.16
3.28
3.38
1.54
1.42
1.81

MnO

3.95
0.24
0.11
0.11
0.18
0.03
0.02
0.04
0.05
0.08
0.22
0.03
0.05
0.11
0.22
0.23
0.14
0.17
0.17
0.34
0.18
0.20
0.20
0.29
0.28

MgO CaO
(wt.%; air-dried)

1.61
3.18
3.48
3.42
3.32
3.24
3.37
3.73
4.28
2.75
1.45
4.57
3.25
4.02
2.07
2.45
3.53
3.40
2.96
1.23
1.31
1.02
0.63
0.77
1.15

28.92
0.00
2.40
0.00
2.57
0.00
0.00
0.00
0.00
0.40

36.68
0.00
0.90

10.14
33.49
30.31
21.55
24.02
25.52
45.69
37.86
43.25
47.31
46.54
44.77

P2O5

0.14
0.08
0.13
0.07
0.12
0.05
0.02
0.06
0.06
0.09
0.10

0.05
0.10
0.04
0.07
0.06
0.04
0.04
0.04
0.05
0.04
0.01
0.03
0.01

Na2O

4.44
3.38
9.24
4.33
8.54
2.89
2.25
3.43
5.67
7.02
3.07
3.56
2.84
6.94
3.29
3.13
2.93
3.08
3.21
2.05
2.72
2.27
2.00
2.14
2.40

K2O

0.51
1.26
1.42
1.98
1.57
1.98
2.86
2.00
2.37
2.92
0.53
2.74
2.28
1.78
0.64
1.25
1.60
1.31
1.41
0.48
0.50
0.48
0.31
0.34
0.37

BaO

0.39
0.168
0.498
0.175
0.607
0.082
0.000
0.107
0.223
0.309
0.213
0.085
0.043
0.148
0.032
0.019
0.012
0.012
0.021

0.315

SrO

0.15
0.00
0.00
0.00
0.00
0.00
0.00
0.006
0.008
0.005
0.204
0.00
0.00
0.05
0.199
0.141
0.097
0.124
0.183
0.177
0.230
0.184
0.199
0.214
0.140

Table 6. Chemical composition of upper Cenozoic sediments, Hole 507F.

No.

1
2
3
4
5
6
7
8
9

10
11
12
13
14

Sample
(interval in cm)

1-1, 80-82
2-2, 80-82
2-3, 53-55
2-3, 118-120
3-1, 68-70
3-3, 68-70
4-3, 71-73
5-2, 75-77
6-2, 75-77
7-1, 70-72
7-2, 70-72
7-3, 70-72
8-1,70-72
9-1, 20-22

SiO2

11.46
47.28
44.29
41.73
20.70
15.98
9.86
9.00
9.58
8.05

12.46
17.13
12.53
9.02

TiO2

0.06
0.03
0.22
0.29
0.13
0.11
0.08
0.07
0.09
0.08
0.13
0.43
0.13
0.09

A12O3

1.90
1.06
5.49
6.96
3.64
3.11
2.57
2.47
2.92
2.62
3.71
4.68
2.47
2.45

Fe2O3

1.01
28.08
18.68
13.13
4.21
3.73
1.81
2.32
2.02
1.58
1.98
4.31

24.79
2.51

MnO

0.40
0.03
0.07
0.10
0.39
0.29
0.24
0.20
0.21
0.21
0.18
0.30
0.47
0.55

MgO CaO
(wt.%; air-dried)

0.78
3.42
3.67
4.07
1.72
1.22
1.03
0.74
0.77
0.69
1.14
2.22
1.51
1.37

42.93
0.00
0.00
0.220

32.86
37.82
44.30
45.31
45.15
46.01
42.70
39.16
28.13
43.29

P2O5

0.03
0.03
0.09
0.11
0.09
0.08
0.03
0.05
0.05
0.05
0.04
0.13
0.09
0.04

Na2O

2.72
2.76
6.35
8.90
4.05
3.50
2.66
2.37
2.33
2.28
2.49
1.99
2.09
1.90

K2O

0.33
1.59
1.33
1.72
0.63
0.54
0.32
0.39
0.42
0.31
0.42
0.32
0.47
0.19

BaO

0.067
0.510
0.536
0.370
0.304
0.182
0.243
0.236
0.201
0.326
0.155

SrO

0.120
0.000
0.027
0.02
0.162
0.171
0.211
0.192
0.183
0.169
0.132
0.088
0.095
0.134

the hydrothermal clay unit is 9.5 meters; it is underlain
by a 10-meter-thick unit of foraminiferal-nannofossil
ooze.

Mineralogy

X-ray diffraction indicates that the green hydrother-
mal clays are represented by mixed-layer, disordered
phases of Fe-mica (celadonite) and Fe-smectite (non-
tronite) in the relative proportion of 80:20 (Samples
506-3-2, 136-138 cm; 506-3-3, 38-40 cm; 506-4-2, 110-
112 cm) (Drits and Sakharov, 1976). The samples con-
tain very small amounts of biomorphic calcite and have
a peculiarly high Fe content [Fe/(Fe + Mg + Al) > 0.75]
and rather low concentrations of Al [Al/(Fe + Mg + Al)
<O.IO] (Fig. 11). Compared to this group of relatively
homogeneous samples, the underlying green clay (Sam-
ple 506-4-3, 100-102) is represented by a continuous se-
quence of mixed-layer phases with varying composition
and extremely indefinitely established relationships be-
tween the mica and smectite layers. The clays contain
notable amounts of phillipsite and quartz. This sample
has a relatively higher concentration of Al/(Fe + Mg
+ Al) >0.15. The chemical and mineral composition of

this variety of green clay suggests that it is substantially
enriched in residual products from the dissolution of pe-
lagic siliceous-carbonate oozes.

Aspects of Geochemistry

Distribution features of Mn, Fe, Ba, and Sr in the
section of hydrothermal and pelagic sediments described
earlier are observed also in Hole 506 (Table 8); namely,
the green hydrothermal clays are impoverished in man-
ganese (Mn/Fe < 0.05), but show relatively high values
of Ba/Ti and Ba/Sr.

Hole 506C
Hole 506C was drilled on a hydrothermal mound

(Table 9). The lithology of the hole is described in the
site summary, this volume. The sedimentary section is
rather unevenly characterized by the samples. Total thick-
ness of green hydrothermal clays is about 9 meters.

Mineralogy

X-ray diffraction and IR-spectroscopy indicate that
the upper unit of green hydrothermal clays comprises
ferruginous, disordered, mixed-layer phases of mica (cel-
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Figure 9. Distribution of mineral components and the ratios of Fe/(Fe + Mg + Al) and Al/(Fe + Mg + Al), Hole 507F.

adonite) and smectite (nontronite) in the proportion 60:
40 (Sample 506C-4-1, 105-107 cm). The lower unit (Sam-
ple 506C-8-1, 81-83 cm) comprises similar clays, with
the proportion of celadonite to nontronite layers approx-
imately 70:30.

As in the holes considered previously, the green clays
show high concentrations of Fe (Table 9) and extremely
low amounts of Al [Al/(Fe + Mg + Al) <0.05]. In clay
components of foraminiferal-nannofossil oozes, this ra-
tio usually exceeds 0.3. This permits us to classify clay
components of these sediments as weakly ferruginous
montmorillonite-illite.

Aspects of Geochemistry

The trends for Mn, Fe, Ba, Sr, and other components
observed in Hole 509B hold true for these sediments.

The green hydrothermal clays are extremely impover-
ished in Mn; high Ba/Ti and Ba/Sr values, observed not
only in hydrothermal sediments but also in carbonate
pelagic oozes, are evidence of a considerable influence
of hydrothermal emissions on sedimentation.

DISCUSSION

Data from XRD, IR-spectroscopy, electron diffrac-
tometry, and chemical analysis (Tables 2, 5-9, Figs. 2-5)
reveal that the hydrothermal green clays comprise dis-
ordered, mixed-layer phases of Fe-mica (celadonite) and
Fe-smectite (nontronite). A number of sections show a
tendency for celadonitization to increase with depth: the
number of celadonite layers reaches 80%. Celadonitiza-
tion is as a rule accompanied by an increase in structural
ordering. Electron diffractometry shows that the pa-
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rameters of unit cells and the degrees of three-dimen-
sional ordering are close to the Fe-micas of polymorphic
modification IM (see Table 3, Fig. 5). The most typical
varieties of green clays comprise essentially ferruginous
compounds with traces or rather insignificant concen-
trations of A12O3 (see Table 2, 5-9) and relatively con-
stant and moderate contents of Mg. These features are
reflected in the fact that the Al/(Fe + Mg + Al) ratio
usually does not exceed 0.001 to 0.01, while for the clay
components of siliceous foraminiferal-nannofossil oozes
this ratio is distinctly higher than 0.3 to 0.5 (see Figs. 1,
8, 9, 11). Correspondingly, for pure varieties of hydro-
thermal clays, the Fe/(Fe + Mg + Al) ratio does not
drop below 0.8 to 0.9. It should be emphasized that the
tendency of celadonitization to increase with depth is

most typical of relatively pure, highly ferruginous vari-
eties, uncontaminated with the products resulting from
dissolution of siliceous-carbonate, weakly clayey pelagic
sediments. It is noted that the contaminated types of
green clays are composed of extremely disordered mixed-
layer phases of celadonite-smectite; their Fe/(Fe + Mg
+ Al) ratios are peculiarly low, not exceeding 0.5 to 0.7.
Such clays contain an admixture of feldspar, quartz,
and zeolite (mainly phillipsite). The established param-
eters of green hydrothermal clays are in good agreement
with structural features observed by optical as well as
scanning and transmission electron microscopes. Where
there are a substantial number of nontronite layers, the
varieties have a distinctly expressed globular texture (see
Plates 4, 5). Those varieties where the content of cela-
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Table 7. Chemical composition of upper Cenozoic sediments, Hole 507H.

No.

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20

Sample
(interval in cm)

1-1, 79-81
1-2, 79-81
2-1, 79-81
2-2, 79-81
2-3, 79-81
3-1, 48-50
3-2, 48-50
4-1, 60-62
4-3, 60-62
5-1, 110-112
5-2, 110-112
5-3, 110-112
6-1, 79-81
6-2, 79-81
6-3, 79-81
7-1,79-81
7-2, 79-81
7-3, 79-81
8-1, 80-82
8-2, 60-62

Siθ2

19.82
21.50
25.97
23.31
19.42
23.14
27.82
16.33
13.78
12.40
13.57
9.51
7.55
9.12

11.67
8.95

15.85
12.49
8.73
8.72

TiO2

0.11
0.10
0.12
0.17
0.13
0.13
0.18
0.10
0.07
0.12
0.09
0.09
0.07
0.09
0.12
0.08
0.14
0.15
0.10
0.09

A12O3

2.94
2.75
3.36
4.34
3.88
3.69
4.95
3.09
2.41
3.14
3.13
2.45
2.28
2.71
3.27
2.55
4.08
3.55
2.71
2.61

Fe2O3

1.94
1.49
1.85
2.40
2.01
2.07
2.65
2.13
3.08
2.11
1.51
1.31
1.20
1.63
2.16
1.25
2.74
2.47
1.47
1.68

MnO
(wt

0.24
0.25
0.24
0.32
0.19
0.23
0.28
0.21
0.20
0.17
0.20
0.17
0.17
0.17
0.16
0.17
0.18
0.17
0.19
0.38

MgO CaO
.%; air-dried)

1.14
1.20
1.48
1.44
1.13
1.37
1.72
0.94
1.04

(
(

.14

.08

.09
).9O
).95
.27
.20
.51
.52
.01
.10

32.38
33.90
30.11
33.65
35.16
31.65
33.31
38.4
39.79
42.93
41.78
45.83
46.99
45.02
42.88
45.87
39.14
42.68
44.23
45.01

P 2 θ 5

0.08
0.08
0.06
0.10
0.06
0.05
0.11
0.03
0.05
0.03
0.06
0.03
0.03
0.02
0.07
0.001
0.11
0.04
0.04
0.04

Na2O

3.37
3.31
3.98
3.16
2.60
3.54
3.81
2.94
3.11
2.58
2.47
2.14
1.90
2.13
2.49
2.14
2.73
2.58
2.53
1.9

K2O

0.42
0.39
0.49
0.59
0.53
0.58
0.70
0.36
0.41
0.41
0.55
0.32
0.29
0.33
0.42
0.31
0.62
0.45
0.45
0.32

BaO

0.192
0.251
0.267
0.376
0.284
0.303
0.395

0.191
0.255
0.178
0.141
0.210
0.259
0.104
0.355
0.330
0.190
0.137

SrO

0.108
0.244
0.223
0.383
0.283
0.227
0.289
0.084
0.095
0.130
0.125
0.127
0.143
0.130
0.126
0.124
0.122
0.113
0.117
0.142

donite layers in mixed-layer phase makes up 80% indi-
cate a distinct development of fibrous and flaky crystal-
lites of Fe-mica (see Plate 6).

Manganese-hydroxide crusts are composed of todo-
rokite (buserite) (Frenzel, 1980; Giovanoli, 1980) with a
pronounced globular texture and distinct crystallization
(see Fig. 4, Plates 1-3).

Clear separation of Mn and Fe is a rather important
geochemical feature of the hydrothermal accumulations
being considered. Green clays, composed essentially of
ferruginous compounds, contain extremely small trace
amounts of manganese. The Fe content in the crusts of
manganese hydroxides rarely exceeds 1%. This peculi-
arity finds its reflection in the distribution of the Mn/Fe
ratio in the hole sections (see Figs. 6, 8, 10).

The Ba/Ti and Ba/Sr ratios (see Figs. 6, 8, 10) also
indicate hydrothermal accumulations. It should be em-
phasized that high Ba/Sr ratios are characteristic of
rather pure, highly ferruginous varieties of green clays
deposited from relatively high-temperature solutions.

The work of a number of researchers (Bishoff, 1969;
Bishoff and Dickson, 1975; Mottl and Holland, 1978;
Mottl et al., 1979; Seyfried and Bishoff, 1977; Seyfried
and Mottl, 1977; Varentsov, 1971; Varentsov and Ste-
panets, 1970) suggests that the observed facts are not in-
consistent with the concepts of Hekinian et al. (1980)
and Dymond et al. (1980). It should be noted that depo-
sition of the sediments composing the hydrothermal
mounds took place from the moderately heated (200-
400°C), transformed solutions of seawater, which ex-
tracted SiO2, Fe, Mn, and other heavy metals from the
solid basalts of the basement. The presence of hydro-
thermal solutions near or slightly below the surface of
pelagic sediments occurred in an environment where
there were considerable gradients of temperature, oxi-
dation-reduction potential, and pH. It appears that these
gradients favored sharp separation of Fe and Mn.

Deposition of Fe, together with silica and moderate
amounts of Mg, in an environment with relatively high
temperature, weakly oxidized values of Eh, and rather
acidic pH values resulted in formation of colloform,

globular accumulations of disordered, mixed-layer phas-
es of nontronite and celadonite. It is worth noting that
Fe-mica can be present in the initial stage as interlayers
in rather low concentrations. The presence of celadonite
patches in amygdales and veinlets of altered basalts of
the basement; (Pertsev and Rusinov, 1980; Rusinov et
al., 1980) suggests that relatively small amounts of cela-
donite can be regarded as initial components, synthe-
sized from hydrothermal solutions. However, the for-
mation of considerable amounts of celadonite is associ-
ated with postsedimentary alteration of nontronite com-
ponents resulting from their interaction with interstitial
solutions. It should be emphasized that during the early
interactions between the hydrothermal solutions and
weakly clayey siliceous-carbonate sediments, the latter
were dissolved, while the green clays being formed were
substantially contaminated with SiO2, A12O3, TiO2, and
other components. However, considerable amounts of
relatively pure ferruginous layered silicates were then
precipitated out of the solutions. Manganese hydroxides
represented by todorokite (buserite) were precipitated
from residual portions of hydrothermal solutions in en-
vironments with relatively low temperature and with pH
and Eh values typical of bottom waters from areas with
active volcanism. It is notable that among the samples
of manganese-hydroxide crusts, manganate-todorokite
(buserite) (10 Å) was identified, which—as compared to
birnessite and δ-MnO2—is relatively weakly oxidized.
The data of Corliss et al. (1978) show that manganese-
hydroxide crusts are composed predominantly of bir-
nessite and possibly to a lesser extent todorokite. Thus,
the development of todorokite (buserite) crusts, coating
accumulations of ferruginous clays, provides evidence
of a somewhat less oxidizing regime in the bottom wa-
ters compared to recent environments. This can result
from an oxygen deficit stemming from massive hydro-
thermal emissions and correspondingly higher bottom-
water temperatures as well as from high rates of pelagic
sedimentation (about 50 mm/103 y.).

At the same time a significant role in the growth of
crust-like accumulations of manganese hydroxides could
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Figure 11. Distribution of the ratios Fe/(Fe + Mg + Al) and Al/(Fe + Mg + Al), Hole 506.

Table 8. Chemical composition of upper Cenozoic sediments, Hole 506.

No.

1
2
3
4
5
6
7
8
9

10

Sample
(interval in cm)

1-1, 19-21
2-2, 86-88
2-2, 87-89
3-1, 97-99
3-2, 63-65
3-2, 136-138
3-3, 38-40
4-1, 77-79
4-2, 110-112
4-3, 100-102

SiO2

12.41
10.21
33.41
42.50
15.75
47.11
47.55
44.61
40.16
44.61

TiO2

0.08
0.07
0.22
0.23
0.15
0.014
0.05
0.24
0.08
0.25

A1 2 O 3

2.50
1.67
5.54
5.52
3.80
0.38
1.10
5.44
1.92
5.42

Fe2O3

1.70
1.04
9.99

17.04
3.45

28.35
26.57
18.64
20.27
18.26

MnO

1.46
0.29
0.14
0.11
0.17
0.08
0.06
0.15
0.16
0.14

CaO P2θ 5

(wt.%; air-dried)

41.08
45.20
13.72

1.00
37.32

0.70
0.3
0.65
5.87
1.98

0.15
0.10
0.12
0.10
0.09
0.02
0.03
0.10
0.04
0.08

Na2O

2.81
2.20
6.27
7.48
3.29
2.17
4.09
5.51
2.53
4.97

K2O

0.34
0.30
1.41
1.99
0.55
2.73
2.48
2.19
2.51
2.40

MgO

0.85
0.84
3.06
4.11
1.40
3.69
3.93
4.33
4.55
4.69

BaO

0.30
0.260
0.54
0.594
0.283
0.05
0.280
0.648
0.268
0.527

SrO

0.25
0.26
0.11
0.03
0.21

0.02
0.02
0.04
0.02
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Table 9. Chemical composition of upper Cenozoic sediments, Hole 506C.

No.

1
2
3
4
5
6
7
8
9

10
11
12

Sample
(interval in cm)

4-1, 105-107
4-2, 41-43
4-3, 61-63
5-1, 122-124
5-2, 113-115
5-3, 112-114
6-1, 80-82
6-2, 80-82
6-3, 80-82
7-1, 114-116
8-1, 81-83
8-2, 24-26

SiO2

48.86
39.01
47.85
14.42
11.07
14.66
11.92
8.52
9.06
9.00

45.01
24.98

TiO2

0.007
0.22
0.018
0.12
0.09
0.27
0.11
0.08
0.08
0.11
0.04
0.52

A12O3

0.44
5.08
0.69
3.26
2.76
3.82
3.17
2.40
2.70
2.87
0.85
6.34

Fe2O3

29.47
15.58
27.16

3.41
1.64
3.43
1.95
1.59
1.03
1.64

27.02
7.77

MnO
(

0.03
0.14
0.04
0.29
0.25
0.20
0.23
0.19
0.19
0.36
0.20
0.27

MgO
wt.<%;

3.84
4.33
4.58
1.68
1.39
1.67
1.19
1.00
0.77
0.89
3.57
3.00

CaO
air-dried)

0.50
6.42
0.00

37.88
43.12
40.35
42.55
45.070
47.36
46.22

4.31
30.96

P 2 O 5

0.03
0.09
0.03
0.06
0.02
0.05
0.09
0.05
0.04
0.06
0.04
0.12

Na2O

2.69
6.05
3.18
3.51
2.49
2.69
2.69
2.13
2.09
2.10
2.17
2.02

K2O

2.88
2.15
3.05
0.48
0.34
0.41
0.45
0.30
0.36
0.37
2.69
0.48

BaO

0.014
0.373
0.055

0.208
0.18
0.29
0.18
0.17
0.22

0.059
0.165

SrO

0.07
0.36

0.02
0.129

be played by a process of chemical sorption with auto-
catalysis oxidation of this metal sorbed from the bottom
waters, enriched in manganese from the volcanic emis-
sions (Weiss, 1977; Varentsov, 1980).

The main mass of Fe and Mn in the region studied
was deposited during massive flux of hydrothermal
solutions in the late Pleistocene. Postsedimentary trans-
formation of the hydrothermal sediments led to their
partial crystallization and, for the green clays, to a dis-
tinctly expressed celadonitization.

GEOCHEMICAL ASSEMBLAGES

Thus far, we have considered some aspects of the
mineralogy and geochemistry of the major components
of the hydrothermal and pelagic sediments recovered on
Leg 70. However, despite relatively detailed studies, the
differences in behavior of some components (Fe, Mn,
Ti, Al, Ba, Si, etc.) and the role played by the hydro-
thermal constituents proper in the processes of sedimen-
tation of this region remained unclear. To cast light on
these problems, the paragenic assemblages of the major
components, both in hydrothermal and pelagic depos-
its, were studied. It was assumed that such an approach
might provide insight into formation of these sediments.

The available data were processed by computer (EC-
1022) in the Laboratory of Mathematic Methods of the
Geological Institute of the USSR Academy of Sciences,
using factor analysis: R- and Q-modes (Davis, 1973;
Harman, 1967).

The distribution pattern of the constituents of the
sediments, as revealed by our investigations, definitely
displayed segregation of geochemical groups. Within
the clusters the components are connected by relatively
strong bonds. More detailed data on application of fac-
tor analysis are given elsewhere (Varentsov, 1980b).

Assemblage IA( + ): SiO2(0.92)-Fe2O3(0.94)-MgO
(0.91)-P2O5(0.1 l)-Na2O(0.53)-K2O(0.96). Dispersion:
47.15%.

This cluster of components plays an essential role in
the chemical composition of sediments (Table 10). We
have concluded that this assemblage is represented by
relatively pure varieties of green hydrothermal clays
(Fig. 12), composed of disordered, mixed-layer phases
of Fe-mica (celadonite) and Fe-smectite (nontronite). It
is interesting to note that the relatively high factor
scores (>0.75) of this assemblage are observed pre-
dominantly in the upper part of upper Pleistocene se-

Table 10. Results of factor analysis (R-mode) of
chemical components, upper Pleistocene de-
posits, Leg 70 (Holes 506, 506C, 507D, 507F,
507H, 509B).

No.

1
2
3
4
5
6
7
8
9

10
11
12

Components

S1O2
Tiθ2
A12O3

Fe2θ3
MnO
MgO
CaO
P 2 O 5

Na2O
K2O
BaO
SrO

Dispersion Input
(%) Cumulative

Factor loadings
(after rotation)

I

0.92
-0.32
-0.36

0.94
-0.48

0.91
-0.82

0.11
0.53
0.96
0.06

-0.71

47.15
47.15

II

0.12
0.90
0.90

-0.13
0.02
0.05
0.16
0.51
0.71

-0.07
0.63
0.16

24.50
71.65

III

-0.12
0.04
0.05

-0.05
0.75
0.05
0.25
0.64
0.07
0.002
0.15
0.26

7.08
78.74

quences in those holes drilled on the tops and slopes of
hydrothermal mounds.

Assemblage IB(-): TiO2(-0.32)-Al2O3(-0.36)-
MnO( - 0.48)-CaO( - 0.82)-SrO( - 0.71)

This assemblage is antipolar to IA( + ) (see Table 10).
It is represented by clay carbonate pelagic oozes. As was
discussed earlier, the clay components of these oozes are
composed of varieties of montmorillonite and illite. It is
worth noting that the presence of Mn and Sr in this as-
semblage is interpreted as evidence that rather early on,
low-temperature hydrothermal activity affected the car-
bonate sedimentation of this region. Foraminiferal-nan-
nofossil oozes are enriched in Mn and Sr compared to
the average composition of carbonate sediments in the
ocean. At the present time, the bottom waters of this re-
gion have rather high concentrations of hydrothermal
Mn (Weiss, 1977; Klinkhammer et al., 1977). Relatively
high factor scores were noted in the lower part of the
holes, drilled apart from the fault zones and traced by
hydrothermal mounds or ridges (see Fig. 13). It is these
intervals which contain relatively weakly altered, clayey
carbonate pelagic oozes.

Assemblage IIA( + ): SiO2(0.12)-TiO2(0.90)-Al2O3

(0.90)-CaO(0.16)-P2O5(0.51)-Na2O(0.71)-BaO(0.63)-
Sr(0.16). Dispersion: 24.50%.
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This assemblage contains components with relatively
high values of factor loadings (>0.50): TiO2-Al2O3-
P2O5-Na2O-BaO. The nature of this component set and
its distribution in the holes studied (Fig. 14) suggest that
this cluster represents the residual (after dissolution)
aluminosilicate, predominantly clayey matter, formed as
a result of interaction between hydrothermal solutions
and clayey carbonate pelagic oozes. If TiO2, A12O3, and
P2O5 can be properly regarded as residual components,
then BaO is a hydrothermal component introduced by
and associated with the aluminosilicate matter.

Maximum development of this group is observed in
the upper part of the sequence within the intervals cor-
responding to accumulations of green hydrothermal
clays (see Fig. 14; Holes 506, 506C, 507D, 507F, 509B)
or within the equivalent intervals of the sequences com-
posed of clay carbonate oozes (see Fig. 14; Hole 507H).
The basal interval of this group occurring at the bound-
ary with the basalt basement (see Fig. 14; Holes 506,
506C, 507D, 507F) is less expressed. Such a distribution
of components reflects two stages of hydrothermal ac-
tivity: (1) an early and relatively low-temperature stage,
partially manifested in the lower part of the late Pleisto-
cene and, as a rule, not accompanied by accumulation
of green hydrothermal clays (mixed-layer phases of cela-
donite and nontronite), and (2) a later, relatively high-
temperature stage with wide regional development and
marked by accumulation of green hydrothermal clays.

Assemblage IIB( - ) : Fe2O3( - 0.13)-K2O( - 0.07)
This group of components is antipolar to IIA( + ).

Lower values of factor loadings can be regarded as evi-
dence of its relatively weak development. Comparing
the data on sediment mineralogy with the set of compo-
nents and their distribution suggests that the assemblage
is represented by patches of Fe-hydroxides of dual ori-
gin: (1) the products of oxidation of green hydrothermal
clays composed of celadonite and nontronite in a rela-
tively weakly oxidizing environment, possibly near the
sediment/water interface, and sulfides of carbonate pe-
lagic oozes; (2) Fe-hydroxides precipitating from the re-
sidual hydrothermal solutions. The occurrence of rela-
tively high factor scores (>0.75) of this assemblage is
limited as a rule by intervals of green hydrothermal clays
(Holes 506, 506C, 506D, 507F, 509B) and, to a lesser ex-
tent, by the basal interval of carbonate sediments (Holes
507D, 507F).

Assemblage IIIA( + ): Mn(0.75)-CaO(0.25)-P2O5
(0.64)-BaO(0.15)-Sr(0.26). Dispersion: 7.08%.

This assemblage is represented by manganese-hy-
droxide compounds; predominantly todorokite (buser-
ite), closely associated with phosphates and such cations
as Ca, Ba, and Sr. Relatively high factor scores are dis-
tributed over the sequence rather unevenly. In Holes 506
and 507 they correspond to the intervals where accumu-
lations of crust-like manganese hydroxides are abun-
dant at the tops of the units of green hydrothermal
clays, usually near the interface between sediment and
bottom water. In Hole 509B, three intervals with high
(>0.75) factor scores are found in the upper part of late
Pleistocene sediments, usually among accumulations of
hydrothermal green clays (see Fig. 15). It should be em-
phasized that there are relatively higher factor scores in

the basal part of the sequences of Holes 506C and 507F.
This, along with other data, may indicate the initial low-
temperature manifestations of hydrothermal activity.
The results of both field observations and experimental
studies (see Dymond et al., 1980; Hekinian et al., 1980;
Hoffert et al., 1980; Varentsov, 1980b; Varentsov and
Stepanets, 1970) show that the accumulation of manga-
nese hydroxides took place in environments with rela-
tively low temperatures—as a rule, during the initial or
final stages of hydrothermal processes.

Hydrothermal Mineral Formation

The paragenetic assemblages of components revealed
by factor analysis correspond to the mineral phases ob-
served in the deposits. The pattern of distribution of
these assemblages reveals the dynamics of hydrothermal
mineral formation during the late Pleistocene. The main
characteristics of this process are the following:

1) Green hydrothermal clays composed of mixed-lay-
ers of celadonite and nontronite (Assemblage IA[ + 1)
are hydrothermal products, reflecting a relatively high-
temperature stage. The major components are SiO2,
Fe2O3, MgO, and K2O; there is a peculiar absence of
A12O3 and TiO2. This group of components is most
abundant in the upper part of the late Pleistocene near
the fault zones and developed on the ocean floor in the
form of hydrothermal mounds (see Fig. 12; Holes 506,
506C, 507D, and 509B). However, the early indications
of hydrothermal mineral formation are found in the
lower part of the late Pleistocene near the basement con-
tact (Hole 506C). It can be assumed that the sequence at
Hole 509B (Fig. 12) also had a discontinuous, pulsating
influx of highly ferruginous hydrothermal solutions.
Three of its intervals show high factor scores of Assem-
blage IA[ + ].

2) Manganese hydroxides and associated components
(P2O5, CaO, BaO, and SrO) occur in the form of crusts
and patches of todorokite (buserite) and are relatively
low-temperature products of hydrothermal mineral for-
mation (Assemblage IIIA[ + ]). They are localized in the
uppermost hydrothermal accumulations, near the inter-
face of the sediment and the seawater (see Fig. 15; Holes
506, 507D, 5O9B). Relatively early manifestations of
this assemblage occur in the lower part of the sequence
near the basement contact (see Fig. 15; Holes 506C and
5O7F). These data can be interpreted as evidence for rel-
atively low-temperature mineral formation, which took
place during the early stages of hydrothermal activity as
well as in its final stage, when manganese hydroxides
were precipitated out of the residual portions of hydro-
thermal solutions.

3) Studies of the development of hydrothermal min-
eral formation require assessment of composition and
of the distribution features of residual products formed
by interaction of hydrothermal solutions and weakly
siliceous, carbonate pelagic oozes. The existence of such
interaction is obvious, for observations under the mi-
croscope show the remains of siliceous skeletons of dia-
toms and radiolarians replaced by green clay matter. In
addition, the relatively higher values of the Al/(Fe + Mg
+ Al) ratio, exceeding 0.01 to 0.1 can also be interpreted
as evidence for such processes.
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Figure 12. Distribution of factor assemblage IA( + ) (green hydrothermal clays, composed of mixed-layer phases of celadonite and nontronite) in
upper Pleistocene sequences in the Galapagos Rift Zone.

Paragenetic assemblage IIA( + ) (TiO2-Al2O3-P2O5-
Na2O-BaO) is represented by residual products of inter-
action between hydrothermal solutions and siliceous-
clayey carbonate pelagic oozes (see Table 10, Fig. 14).

Distribution of this cluster actually reflects the gen-
eral development of mineral products of hydrothermal
origin: both high- and low-temperature products (As-
semblage IA[ + ] and IIIA[ + ]). At the same time, the
distribution of assemblage IIA( + ) shows the existence
of two main stages in hydrothermal activity of this re-
gion: (1) in the lower part of the late Pleistocene, and (2)
in the upper part of the late Pleistocene.

CONCLUSIONS FOR FACTOR ANALYSIS
OF MAJOR COMPONENTS

Computer processing of chemical data using factor
analysis revealed paragenetic assemblages of compo-

nents. The distribution of these assemblages shows that
the process of hydrothermal mineral formation pro-
ceeded in two stages: (1) an initial stage (early part of
the late Pleistocene; and (2) a main relatively high tem-
perature stage (late part of the late Pleistocene). The
green clays (mixed-layer phases of celadonite and non-
tronite), corresponding to factor assemblage IA( + ),
were formed predominantly during the main stage. The
manganese hydroxides and the associated components
(Ca, Ba, Sr, P)—Assemblage IIIA( + )—were accumu-
lated mainly during the early stage and at the end of the
main stage from relatively low-temperature, residual hy-
drothermal solutions, after the deposition of Fe. The
distribution of residual products, formed by interaction
of hydrothermal solutions and clayey-siliceous carbon-
ate pelagic sediments, emphasizes the existence of two
stages in hydrothermal activity and its regional stability.
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Figure 15. Distribution of factor assemblage IIIA( + ) (manganese hydroxides, predominantly todorokite [buserite]) in upper Pleistocene se-
quences in the Galapagos Rift Zone.
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Plate 1. Scanning electron microscope photomicrographs of fragments of crust-like accumulations of manganese hydroxides in the form of todo-
rokite (buserite), Sample 509B-1-2, 65-67 cm. 1-3. Increased magnification shows pronounced microglobular texture with development of
finest acicular-foliaceous crystals on globular surface. 4. Acicular crystals of todorokite filling cavities in the crust fragments.
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Plate 2. Scanning electron microscope photomicrographs of fragments of crust-like accumulations of manganese hydroxides, predominantly in the
form of todorokite (buserite), Sample 509B-3-1, 58-60 cm. 1-2. Section of cellular-honeycomb textures of manganese hydroxides. 3-4. In-
creased magnification shows accumulation of prismatic crystals of todorokite (buserite) filling a cavity in the groundmass.
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4µm

Plate 3. Scanning electron microscope photomicrographs of fragments of crust-like accumulations of manganese hydroxides, predominantly in
the form of todorokite (buserite), Sample 509B-3-1, 58-60 cm. 1-2. Increased magnification shows a section of globular structure with
development of acicular-fibrous crystals on the globular surface. 3-4. Increased magnification shows aggregates of acicular-fibrous crystal of
todorokite (buserite) filling a cavity in the groundmass. 5. Remains of diatoms and coccoliths in a groundmass of manganese hydroxides, par-
tially crystallized into fibrous-acicular crystallites of todorokite (buserite).
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Plate 4. Scanning electron microscope photomicrographs of green hydrothermal clay, showing mixed-layered phases of celadonite and nontronite.
1-4. Sample 509B-4-3, 18-20 cm. (1-2) Increased magnification distinctly shows globular texture with traces of microlayered composition of
single globules. (3) Botryoidal aggregates' with globular texture. 4. Fragment of globular texture with distinct fibrous intergrowths of
globules. 5-6. Sample 509B-4-1, 103-105 cm; botryoidal aggregates with globular texture and distinct, newly formed fibrous crystallites of
celadonite.
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Plate 5. Scanning electron microscope photomicrographs of green hydrothermal clay, showing mixed-layer phases of celadonite and nontronite,
Sample 509B-4-3, 18-20 cm. 1-2. Increased magnification shows aggregates with indistinct layers and globular structure. 3-4. Increased
magnification shows aggregates with layered, globular structure and distinct microlamination. 5. Druse of phillipsite in globular clayey
groundmass.

266



HYDROTHERMAL DEPOSITS

4µm 4µm

Plate 6. Scanning electron microscope photomicrographs of green hydrothermal clay, showing mixed-layer phases of celadonite and nontronite.
1-3. Sample 509B-4-1, 103-105 cm, (1-2) increasing magnification distinctly shows recrystallization of globular deposits into acicular-fibrous
crystallites of celadonite, (3) newly formed fibrous crystallites in globular groundmass. 4. Sample 509B-4-3, 18-20, Recrystallization of globu-
lar groundmass into fibrous, scaly aggregates with celadonite.
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Plate 7. Photomicrographs of green hydrothermal clays taken by transmission electron microscope. 1. Aggregates of particles, represented by
a mixed-layer phase of Fe-mica (celadonite) and Fe-smectite (nontronite). Distinct fibrous crystallites of Fe-mica, developing round periphery of
relatively coarse particles. Sample 509B-2-2, 57-59 cm. Scale = 0.6 µm. 2. Aggregates of scaly clay particles, represented by mixed-layer phase
of celadonite and nontronite. Sample 509B-4-2, 23-25 cm. Scale = 0.6 µm. 3. Fibrous-scaly aggregates of celadonite, developed round
periphery of the particles, represented by mixed-layer phase, of celadonite and nontronite (80:20). Sample 509B-4-3, 18-20 cm. Scale 0.5
µm. 4. Aggregate of fibrous crystallites of celadonite, developed after particles, represented by a mixed-layer phase of celadonite and non-
tronite (80:20); Scale = 0.35 µm.
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