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Examination of polished sections of manganese micronodules

from rnetalliferous sediments from the Bauer Deep reveals sequences

of ferromanganese deposition which are consislent for micronodules

from a single sediment sample and imply a common depositional

history for members of such assemblages. The relatively simple

'stratigraphy' of manganese micronodules, as compared to macro-

nodules, makes stratigraphic correlation of depositional histories

easier and more conclusive for micronodules than macronodules.

Quantitative mi croprobe analysis and X-ray rnicr odiffraction

patterns indicate that the major authigenic silicate component of

metalliferous sediment is an iron- and magnesium-rich, low-
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Microprobe and X-ray microdiffraction analyses of manganese

micronodules establish todorokite as the predominant crystalline
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component. Comparison of the distributions of lanthanum, cerium,

and samarium in micronodules and phosphatic fish debris indicates

that bulk sediment REE distribution is determined by the relative

abundances of cerium.enriched micronodules and cerium-depleted

biogenic phosphate.
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A Microprobe Study of Metalliferous
Sediment Components

INTRODUCTION

Recentinterest in the metalliferous sediments of the East

Pacific Rise and the Bauer Deep has resulted in a profusion of chemi-

cal, isotopic, and mineralogical data on these deposits In order to

complement existing information, this study applies the techniques of

reflected light microscopy, Xray diffraction, and electron micro-

probe analysis to coarse fraction separates of a metalliferous sedi-

ment sample from th Bauer Deep, Previous interpretations have

relied largely upon bulk chemical and mineralogical analyses despite

the reported presence of coarse sediment components such as- silicate

aggregates, manganese micr onodule s, palagoni.te, fish debris, volcan-

ic glass, and calcareous and siliceous biogenic remains (DaschetaL,

1971). This study concentrates on three of these components

micronodules, smectite aggregates, and phosphatic fish debris,

These particular components were chosen because of the authigeitic

nature of the micronodules and smectite grains and the apparent con-

centration of rare earth elements in the fish debris suggested by bulk

analyses (Dyrnondetal.., 1973).

Despite their common occurrence in pelagic sediments, man-

ganese micronodules have received far less attention than the more



conspicuous manganese nodules, crusts, and slabs. Micronodules

are generally less than 1 mm in diameter and are disseminated

sediment components whereas nodules are generally larger than 5 mm

and are primarily a surface deposit (Menard, 1964), Although the

external morphologies of nodules and micronodules are often similar,

the bimodal size distribution of manganese concretions may reflect a

genetic difference between nodules and micronodules, The distinction

between micronodules and nodules or crusts is usually discounted

despite their different modes of occurrence (Menard, 19 64).

Concentration of micronodules by winnowing or because of slow

sedimentation rates may result in crusts or agglomerates of cemented

micronodules (Revelle etal,, 1955), Andruschenko and Skornyakova

(1969) have described concretjons of cemented aggregates of small

manganese globules in a matrix of iron hydroxides The sizes of

these individual globules varied from 5 to 50 microns, similar to the

sizes of the disseminated micronodules observed in this study.

Chemical analyses of manganese micronodules have previously

been performed either uponcollections of micronodules large enough

to be hand picked or have been inferred from selective leaching

experiments (cf. El Wakeel and Riley, 1961; Chester and Hughes,

1967). The former technique is subject to the same criticism as the

analysis of manganese nodules; that the partitipning of elements

between several ferromanganese minerals within the nodule or
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collection of micronodules is unknown and therefore the analysis is

difficult to interpret. Inclusion of clastic debris and nucleii may also

distort the bulk composition. The selective leaching technique is

further limited because it fails to differentiate ferromaiganese

minerals comprising the rnicronodules and also fails to isolate micro-

nodules from fine- grained iron oxide components or adsorbed species

on insoluble minerals. These problems can be avoided by using the

electron microprobe which is particularly suited to an investigation

of micronodules because it is capable of analyzing individual mineral

phases.

The smectite aggregates found in Bauer Deep sediments are

translucent microcrystalline grains ranging in color from lemon

yellow to yellow-orange. Slow-scan X-ray diffraction with digital

filtering and differential peak stripping techniques identifies the

mineral as a moderately well-crystallized smectite that differs from

normal pelagic smectites in its unusually strong 002 and 004 reflec-

tions (Dymondetal,, 1973), Bulk analyses of acid leached clay

mineral (< 2) residues of metalliferous sediments show high Fe/Al

ratios suggestive of iron-rich smectite in the fine fraction (J,

Kendrick and D. Rea, written communication, 1972). Bischoff and

Sayles (1972) were unable to obtain Xray diffraction patterns of

Bauer Deep silicates with conventional methods, but tentatively

identified the silicate aggregates as nontronitic montmorillonite on
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the basis of refractive index measurements. Quantitative microprobe

analysis of these aggregates allows the direct determination of their

compositions without resort to inferences based on analyses of fine

fractions of the sediment.

METHODS

Sample

The sediment sample chosen for study was taken from the

467-478 cm level of piston core All 54-14, collected by R/V

Atlantis II in the Bauer Deep (9 °S, 1OZ°W), This particular sample

was chosen because complementary data from previous investigations

are available and because the sample proved particularly amenable to

preparation for microprobe work. Evidence of significant diagenesis

in this sample (Daschetal,., 1971) made investigation of the authigenic

components attractive. Other samples from the Bauer Deep and the

East Pacific Rise were prepared for reflected light examination but

proved too hydrous and friable for microprobo analysis.

The sample consists of non-calcareous, very dark brown

metalliferous sediment (Biscboff and Sayles, 1972). Eh measure-

ments indicate a mildly oxidizing environment (+200 my) (Bischoff

and Sayles, 1972). The topographic setting of the Bauer Deep

between the East Pacific Rise and the fossil Galapagos Rise (Herron,
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1972) effectively shields it from inputs of terrigenous debris from

South America. Detailed X-ray diffraction analysis of bulk sediment

byDaschetal. (1971) reveals the presence oftsmectite,' -MnO2,

goethite, todorokite, and barite; as well as trace amounts of quartz,

feldspar, calcite, and apatite.

Sample Preparation

Coarse fractions were isolated by wet sieving raw sediment

through a 62 micron sieve. Magnetic and heavy liquid separations

were used to concentrate micronodules where necessary. Sample

All 54-14 was donated by Fred Sayles and was the only sample used

for microprobe analysis. Unlike the other samples, All 54-14 had

been sieved at 20 microns. Brief ultrasonic agitation was applied

when necessary to facilitate sieving,

Polished thin sections were prepared from epoxy grain amounts

of each sample. Polished thin sections can be used for both trans-

mitted and reflected light microscopy and microprobe analysis.

Final polishing was with micron diamond grit. For microprobe

analysis sections were carbon coated.

Micr opr obe Operating Conditions

All microprobe work was performed on an Applied Research

Laboratories microprobe with a takeoff angle of 52. 5°. The electron



beam diameter was fixed at 20 rni.crons for all quantitative work. A

20 micron beam minimizes specimen deterioration caused by over-

heating and also allows return to a known location for multiple

analyses. The presence of minute fractures and pits in the surfaces

of many of the mineral phases examined required that a large beam,

which effectively excites an integrated X-ray emission from the entire

area of the beam, be used if more than three elements were to be

quantitatively determined. Since the three detectors of the ARL

system can only monitor three elements at once, the beam must be

returned to a precise location on the specimen after each cycle if

more than three elements are to be analyzed. Hence, a sample in-

hornogenous on a 1 micron scale is very difficult to analyze with a 1

micron diameter beam, but can be satisfactorily analyzed with a 20

micron beam.

Integration times varied from 30 seconds to 120 seconds, de-

pending on the concentration of the element being analyzed. For each

element, the integration times were identical for standard and

unknown.

Electron beam operating conditions for each of the 19 elements

analyzed are listed in Table 1.
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Table 1. Microprobe Operating Conditions.

Sample
Accelerating Current Integration

Element Voltage (Ky) (Nanoamps) Time (sec)

Na 15 50 30
K 15 50 30
Ca 15 50 30
Fe 15 50 30
Si 15 50 30
Mg 15 50 30
Ti 15 50 60
S 15 50 60
Al 15 50 60
Ni 15 50 90
p 15 50 90
Zn 15 50 90
Co 15 50 90
Cu 15 50 90
Mn 15 50 90
Ba 30 100 120
La 20 100 120
Ce 20 100 120
Sm 30 100 120

Quantitative Microprobe Analysis

Quantitative microprobe determination of elemental concentra-

tions are based on comparison of characteristic X-ray intensities

measured on standards and unknowns. Raw intensity data is

corrected for background, beam current drift, detector deadtime

error, and matrix effects. Matrix effects include X-ray generation

and absorption of both characteristic and continuous fluorescence0

The individual and combined correction factors necessary for



quantitative analysis are described by Sweatman and Long (1969) and

are calculated with a program (EMPADR VII) written by Rucklidge and

Gasparrini (1968). After background removal and correction of raw

intensity data for beam current drift and deadtime error, the complete

correction formula, as given by Sweatman and Long (1969) becomes:

Combined Matrix Correction

= Ctd
[generation or absorption

atomic number factor
factor

(1 +y.5) (1 +'f)
(1 u) (1

characteristic continuous
fluorescence fluorescence
actor factor

Since the four matrix correction factors are each a function of the

compositions of the standard and unknown, the calculation of the

correction factors is an iterative process which initially uses the

apparent, uncorrected composition and terminates when successive

calculations give a nearly constant composition.

Characteristic X-ray intensities measured were L emissions

of Ba, La, Ce, and Sm, and K emissions of all other elements.



Backgrounds were measured on both sides of the characteristic peaks

of both standards and unknowns. Standards were measured at the be-

ginning and end of each run, thereby enabling a drift correction to be

made for variation in beam current during a run0

Standards for quantitative microprobe work must be homogenous,

well-polished, and of a precisely known composition0 Ideally,

standards should conform as closely as possible to the composition of

the unknown specimens. However, since microprobe standards for

ferromanganese oxides and smectites are not available, a set of

standards was chosen from a collection generously made available

by Daniel F. Weill. Fortunately, the quality of these standards and

the matrix corrections applied to the data minimize errors due to

differences between standard and specimen compositions0 Pure

metallic standards were chosen for the minor transition metals

because it is difficult to prepare a microprobe standard of an element

with a low (< 1%) concentration which is both hon-iogenous and of a

precisely known composition. The precisely known compositionaiad

matrix effects favor a pure metal standard,

Standards for the other elements were minerals or synthetic

glasses. Standards chosen for each element are listed in Table 2,
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Table 2. Standards for Quantitative Microprobe Analysis.

Na Na feldspar
K K-feldspar
Ca Synthetic silicate glass
Fe Hematite

Si Olivine

Mg Olivine

Ti Synthetic Ti-Ca silicate glass
S Barite
Al Synthetic silicate glass
Ni Pure Ni
P Apatite
Zn Pure Zn
Co Pure Co
Cu Pure Cu
Mn Rhodonite

Ba Barite
La Synthetic glass (Drake and Weill, 1972)
Ce Synthetic glass (Drake and Weill, 1972)
Sm Snythetic glass (Drake and Weill, 1972)
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MICROSCOPE OBSERVATIONS

Petrographic Descriptions

Examination of polished sections of micronodules under reflected

light reveals two opaque ferromanganese phases. On the basis of

X-ray diffraction and microprobe analyses, these are referred to as

todorokite and an iron-rich phase. Foreign nucleii are absent from

virtually all micronodules, Figure 1 shows photomicrographs of a

polished grain mount containing both manganese micronodules and

srnectite aggregates from sample All 54-14. The three photos were

taken in reflected, reflected polarized, and transmitted light,

respectively.

The todorokite typically occurs as globular spherules 5 to 100

microns in diameter (two are visible in photos in Figure 1). They are

characterized by high reflectivity and well-defined radial anisotropy.

Microhardness tests indicate a hardness greater than that of steel.

High power (1300X) oil immersion examination of polished sections

reveals a homogeneous, radially striated phase with micro-inclusions

of unidentifiable impurities. Fractures, both radial and concentric,

are common and may be caused by either sample preparation and

dessication or natural autoclastic processes.

The iron-rich phase is poorly reflective, soft, and apparently

isotropic. Rounded grains are most common, but no particular
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Figure 1. Photornicrographs of a polished thin section of
coarse grains from 467 to 478 cm in core
All S414. (a) Reflected light. (b) Reflected
polarized light, (c) Transmitted light,
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morphology is evident, possible because of damage during collection

and preparation. Although apparently homogeneous under lower

magnifications, high power (l300X) oil immersion examination of

polished sections reveals concentric and cuspate micro-laminations

of unidentifiable components which exhibit colors ranging from vary

ing shades of gray to light brown. The width of the micro-laminations

is typically less than 1 micron, precluding the identification of com

ponent phases by optical means. Occasional highly reflective lamellae

point to the presence of a mineral with similar optical reflectivity to

todorokite, but the séale of the lamellae prevents positive identifica-

ti on.

Although the iron-rich phase is most abundant, micronodules

comprised solely of todorokite, as well as micronodules with several

morphological combinations of the two types of depositional phases

are common, Tabu1aton of the types of morphology observable in

the polished sections suggests that the ferromanganese precipitates

formed in a sequence that was common to most of the micronodules

from in a particular sediment sample. The genetic sequence is

todorokite depositiQn followed by deposition of the iron-rich phase.

A compilation of morphologies in 412 micronodules from sample AU

54-14 is given in Table 3, As indicated, 90 percent of the micro-

nodules examined are either homogeneous Iron-rich grains or

todorokite cores rimmed with the iron-rich phase. The presence of
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a small number of micronodules composed of multiple laminations of

massive todorokite and micro-laminated iron-rich phase indicates

that both deposits are authigenic, and resemble phases found in

typical oceanic macronodules. Other morphological types are rare in.

the All 54-14 sample. They include grains consisting of crenulated

intergrowths of massive todorokite and the iron-rich phase, and grains

of smectite aggregate with a rind of todorokite or iron-rich phase.

Table 3. Micronodule Morphologies Observed in Sample All 54-14.

Micro-laminated iron-rich micronodules

TodorOkite core with iron-rich rind

Irregularly crenulated intergrowth

Multiply laminated

Todorokite with smectite rind

Iron-rich core with todorokite rind
Total

Number Percent

280 68%

87 22

17 4

13 3

5

3 1

412 99%

Micronodules from other core samples from the Bauer Deep

and the East Pacific Rise do not generally have the same morpho-

logy or sequence of deposition of todorokite and the iron-rich phase

as those in sample All 54-14, but tend to be uniform within a sample.

In some samples, only homogeneous micronodules are present; in
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others most micronodules contain nucleii. of translucent yellow

smectite; andin others, micronodules with multiple large laminations

predominate. The micro- laminated, iron-rich material is pre sent

in all micronodule samples, but the massive, homogeneous todorokite

phase is not always present. Further work is needed to define the

regional and temporal distributions of the various micronodules

morphologies,

The smectite aggregates appear as lemon-yellow to yellow-

orange microcrystalline grains in transmitted light. A few pseudo-

morph foraminifera tests or encrust radiolarian tests. Examination

of polished grain mounts under high power reveals only yellow

micr ocrystal s without visible internal structure

Scanning Electron Microscope Studies

Surface textures of manganese micronodules and smectite

grain aggregates were examined with a scanning electron microscope

(SEM). Figure 2 shows SEM photographs of a single smectite grain,

possibly a pseudomorph after a foraminifera, and a single micro-

nodule, In both cases, the surface textures are characteristically

delicate and porous. The delicately bladed, ribbon-like habit of the

crystals on the surface of the smectite grain is similar to the habit of

nontronite and montmorillonjte (Dave Pitzl, oral communication,

1973). Because of the similarities in crystal habit of these two
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smectite species, absolute identification on the basis of the SEM

photos is not possible.

The manganese micronodule is abraded on its exposed surfaces

(Figure 2), but a characteristically porous texture is apparent on the

more protected surfaces. The closed-cell, porous network is

characteristic of an oxide structure, but further identification is not

feasible (Dave Pitzl, oral communication, 1973),

QUALITATIVE MICROPROBE ANALYSIS

Electron beam scans were used to qualitatively determine the

distribution of iron and manganese in polished micronodules, In these

scans the electron beam, focused to a diameter of less than 1 micro-

meter, was swept systematically across the sample while a syn-

chronous oscilloscope monitored the intensity of either backscattered

electrons or characteristic Fe or Mn radiation, In the area scan

mode the beam was swept in a raster pattern over a square area and

the areal distribution of X-ray thtensity or backscattered electrons

displayed on the oscilloscope. In the line scan mode, the beam was

swept in a line across the specimen and the monitored X-ray intensity

was displayed on the Y-axis of the oscilloscope as the position o-f the

beam on the specimen was displayed on the X-axis. The result is a

profile which approximates the concentration of Mn or Fe as a

function of position.



Figure 2. Scanning electron photomicrographs. (a) and (c):
Smectite aggregate, possibly a pseudomorph
after a forarninifera test. (b) and (d): Manganese
micronodule. Accelerating potenlial 20 Ky.





Backs cattered electron intensity is approximately proportionate

to the average atomic number distribution in the specimen. It is

similar to the optical appearance o the specimen.

Figures 3 and 4 are beam scan photos of three micronodules,

Line scan profiles of manganese (3a) and iron (3b) concentrations are

superimposed on backseattered electron photos of the specimen

traversed. In each photo, the base of the profile lies over the

traverse line of the specimen. Figures 3(c) and (d) show area scan

photos of the same specimen. In each photo the field of view is

85 x 68 micrometers.

Each of the micronodules in Figures 3 and 4 contain manganese-

rich todorokite cores with iron-rich, micro-laminated rinds, The

micro-laminations in the rind are not resolvable in these photos

The contrast in backscattered electron intensity between the todorokite

and the iron-rich rinds primarily reIlects differences in porosity

between the two materials.

In the lower right corner of the photos in Figure 3 is a nontronite

grain. Although it displays a backscattered electron intensity similar

to that of the iron-rich rind, the line scan profiles and the area scan

photos clearly show the different manganese concentrations in these

phases,



21

Figure 3. Electron beam scan photographs. Photo areas
are 85 x 68 microns, (a) and (b): Line scan
profiles of Mn (a) and Fe (b) superimposed on
backscattered electron distribution. (c) and
(d): Area scans of Mn (c) and Fe (d) distribu-
ti on5.
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Figure 4. Electron beam area scan photos of two micro-
nodules. (a) and (b): Backscattered electrons.
(c) and (d): Mn di. stribution, (e) and (f) Fe
distribution. Photo areas are 85 x 68 microns,
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QUANTITATIVE MICROPROBE ANALYSIS

Twenty-eight mineral grains were quantitatively analyzed for

each of the 19 elements listed in Table 1. The grains analyzed in-

cluded eleven smectite grains, five grains of phosphatic fish debris,

and six each of the two types of ferromanganese deposits0 Grains

were chosen for analysis on the basis of surface polish and homo-

geneity, thereby minimizing the effects of microscopic pits, fractures,

and mineral inclusions.

Results are calculated as oxide weight percents and are pre-

sented in Table 4. Precision, as determined from counting

statistics, is presented for one sample of each of the four phases

analyzed. Partial duplicate analyses for one smectite grain and one

micronodule are also presented.

Since the X-ray data can only be used to determine elemental

concentrations, the oxide species assigned to each element must be

assumed. Calculation of the weight percentage of each oxide is

therefore dependent on the assigned oxide species and may differ

from the actual oxide weight. Thus, the oxide weight percent of iron

calculated as goethite, FeO(OH), is higher than that calculated as

hematite, Fe203.

Table 4 shows that the sum of the oxide weight percents does

not approach 100 in most cases. Assignment of heavier oxide species



Table 4. Elemental Concentrations, Calculated as Oxide Weight
Percents.

(a) Smectite grains

CaO

K20

Na20

Fe203

Si 02

MgO

Ti02

SO3

A1203

NiO

ZnO

CoO

CuO

MnO2

BaO

La203

Ce2O3

Snx203

P205

Total

#1 + l' #2 #3 #4 #5

±
1.97± .03

70 ± . 02

30.45± .12
52, 00 . 23

5,73 + .04
03 + . 01

.05± .02
2.73+ .03

06 ± .01

.10± .03

.06+ .01

.14± .02

.38 ± ,10

02 ± .01

00

00

00

.08 ± .01

94.90

.43 .35 .49

2.11 1.91 1,39

.51 .41 934

30.72 27.71 20.73

51.80 46,95 33,68

5.62 4,80 4.20

.04 .04

.05 .04

2.49 2.58 1.64
.06 .00

.04 .00

.04 .00

.08 .04
.30 .62 .81

.02 .00

.00 .00

.00 .00

.00 .00

.12 .17

85,78 63.57

(1) Precision based on couiting statistics,
(2) Partial duplicate analysis.

26

.25 .44
2,01 1,48

.40 .37

24.49 23,12

49,77 35.97

5.85 4.28

.02 .03

.07 .02

2,55 1.94

.15 .09

.02 .00

.03 .00

.09 .00

.49 .74

.05 .00

.00 .00

.00 000

.00 .00

.12 .16
86. 36 68. 64
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Table 4. Continued.

(a) Continued.

#6 #7 #8 #9 #10 #11

CaO .34 .31 .40 .37 .67 .35

K20 1,49 1.79 1.62 1.69 1.09 1,20

Na20 . 54 . 63 . 63 , 47 . 73 . 39

Fe20 19.96 23.39 Z5.75 21.43 28.97 22,00

S102 38.43 45,75 47.26 44,23 30,39 30,15

MgO 4.78 4,89 5.37 5.39 3.24 3.90

Ti02 .00 .02 .03 .00 .09 .03

SO3 .03 .07 .08 .08 .06 .02

A1203 1.38 2.24 1.82 1.70 1.45 1,34

NiO .09 .13 .15 .09 .13 .06

ZnO .00 .00 .02 .00 .00 .00

CoO .00 ,02 .04 .00 .02 .00

CuO .00 .03 .08 .02 .04 .00

Mn02 .76 .62 .52 .51 1,50 .62

BaO .00 .05 .05 .09 001 .00

La203 .00 ,00 .00 .00 .00 .00

Ce203 .00 .00 .00 .00 .00 .00

Sm203 .00 .00 .00 .00 .00 .00

P205 .08 .18 .13 .21 .38 .13

Total 67.88 80,12 83.95 76.28 68,77 60.20



Table 4. Continued.

(b) Todorokite

#1 #2 #3

CaO i.io+,oz(1) 1,07 1.19 1,36

K20 1.58 +.03 1.48 1.72 1.62

Na20 l,07±.O2 1.18 1.12 1,23

Fe203 1.22 ± .03 1.22 1.37 .80

Si02 .62±.03 .43 1.31 .37

MgO 2,98± .03 2.94 3.13 3q03

Tb2 ,02+,01 .03 .02

SO3 .03±.02 .10 .09

A1203 . 41 ± . 01 . 44 . 32 . 20

N1O ,27±.02 .32 .24

ZnO .04±.03 .09 .06

CoO .00 .02 .00

CuO .48+,02 .54 .55

Mn02 74, 01 ± . 22 69. 50 73, 65 74. 07

BaO 1,35-i-.01 1,53 1.54

La203 .00 .00 .00

Ce203 .05±.01 .06 .06

Sm203 , 02 ± . 01 . 02 . 02

09 ± . 01 09 , 36

Total 85, 34 86. 61 85. 62

(1) Precision based on counting statistics.
(2) Partial duplicate analysis.
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Table 4. Continued,

(b) Continued,

#4 #5 #6

CaO 1,24 1,21 1,06

1,42 1,37 1,49

Na20 1,04 .98 1,05

Fe203 3,02 2,03 1.26

S102 1,87 .88 .63

MgO 3,23 3,11 3,01

Ti02 .02 001 .03

SO3 .03 .10 .05

A1203 .46 .43 .27

NiO .40 .38 .31

ZnO .09 .09 .07

CoO .01 002 001

CuO .60 .57 055

Mn02 72.08 73,73 75, 85

BaO 1015 1,55 1,82

La203 .00 000 000

Ce203 .04 .08 .07

Sm203 .03 .03 .03

P205 .10 .13 .08

Total 86,83 86.70 87.64
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Table 4. Continued,

(c) Micro-laminated iron-rich grains

#1 #2 #3 #4 #5 #6

CaO ,98±,02 1,22 .84 .80 1.14 1,21

.11±.0Z .47 .15 .11 .12 .21

Na20 ,i0±.0l q34 .14 .16 .15 .16

Fe203 11.61 ±.08 10.78 14,38 11,21 11.68 12.88

Si02 6.50± .08 5.46 9.00 6.80 7.11 7.40

MgO 1.33 ±,02 2,93 1.59 1.20 1.50 2.53

Ti02 ,06+,0l .15 .13 .05 06 012

SO3 ,06--.01 .07 .03 .08 .19 .07

A1203 ,65+,02 .95 .99 .58 .74 1,32

NiO .20±.01 .57 .13 .20 .35 .61

ZnO ,05±.02 ,26 .12 .04 .10 .21

CoO ,06+.01 1z .06 .02 .06 .12

CuO ,07±,0l .48 .18 .07 .15 .05

Mn02 16,84±.06 40,32 19,15 16.50 19.59 15.78

BaO , 31 + . 01 , 64 , 50 , 61 , 63 . 39

La203 .00 .04 .02 .00 .00 .02

Ce203 ,01±.01 .06 02 .02 .04 .04

Sm203 .02±001 .09 .04 .03 .03 .06

P2 O ± 001 28 .20 .28 .32 .22

Total 39,16 65.23 47,67 38,76 43,96 43.40
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Table 4. Continued.

(d) Phosphatic fish debris

#1 #2 #3 #4 #5

CaO 44,98-I- ,l1 42.86 43,60 38.09 39.98

1(O .08±.0l .06 .05 .04 .04

Na20 , 72 + , 02 . 65 . 73 , 59 , 66

Fe 0 .36+,02 .30 .31 .28 .2423
Si02 .05-i- .01 .09 .07 .08 .03

MgO .60+.oi .60 .62 .73 .60

Ti02 .Ol-i-,O1 .01 .02 .00 .00

SO3 .75+,03 .62 .63 .68 .57

A1203 .07-I-,O1 .05 .07 .09 .69

NiO .00 .00 .00 .00 .00

ZnO .01±.03 .00 .00 .00 .00

CoO , 00 , 00 . 00 , 00 . 00

CuO ,04±.02 001 .03 .02 .06

Mn02 .35±,02 .24 .30 .32 .30

BaO .00 .00 .00 .00 .00

La203 , 24 + . 01 22 , 27 , 30 . 23

Ce203 .00 .00 .00 .00 .00

Sna203 .06+.oi .07 .07 .06 .06

P205 34.71 + .14 32.89 33.44 29.41 30.00

Total 83,03 77.67 80.21 70.69 73.46
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to some of the elements, e. g. substituting FeO(OH) for Fe203, is

not sufficient to correct the low totals. This problem may result

from the presence of other elements not determined, from poorly

polished or scratched specimen surfaces, from high concentrations

of structural water, or from the presence of voids or pores. In the

grains studied, the only phase for which low totals could conceivably

be due to undetermined elements is the phosphatic fish debris, in

which carbonate may be a major constituent,

To permit comparison within each grain type, the compositions

of the four phases have each been normalized (Table 5). The com-

positions of the smectite, phosphatic fish debris, and todorokite

phases have each been normalized to give totals equal to that of the

highest total initially obtained within each group. The compositions

of the iron-rich phases are normalized to the value used for the

todorokite grains to allow these two phases to be compared. This

procedure is justified because the effect of surface imperfections,

structural water, or porosity in a sample is to lower the apparent

relative concentration of each element by the same amount. An

additional justification is that the highest totals obtained for the

smectite, phosphate, and todorokite phases are in accord with the

values typically reported for these phases on a water-free basis.

Average normalized compositions of the four phases are also

given in Table 5.



33

Table 5. Oxide Weight Percents, Normalized to Constant Totals.

(a) Smectite grains, normalized to 94.90%

#1 #2 #3 #4 #5 #6

CaO .40 .39 .73 .27 .61 .47

K2O 1.97 2. 11 2.07 2. 21 2. 05 2. 08

Na2O .70 .45 .51 .44 .51 .75

Fe203 30.45 30.66 30.95 26.91 31,96 27,90

Si02 52,00 51.94 50.28 54. 69 49,73 53.73

MgO 5. 73 5. 31 6. 27 6, 42 5. 92 6. 68

T1O2 .03 .04 .06 .02 .04 .00

SO3 .05 .06 .06 .08 .03 .04

A1203 2.73 2.85 2.45 2.80 2,68 1,93

Nb .06 .07 .00 .16 .12 .13

ZnO .10 .04 .00 .02 .00 .00

CoO .06 .04 .00 .03 .00 .00

CuO .14 .09 .06 .10 .00 .00

MnO2 .38 .69 1.21 .54 1.02 1.06

BaO .02 .02 .00 .05 .00 .00

La203 .00 .00 .00 .00 .00 .00

Ce203 .00 .00 .00 .00 .00 .00

Sm203 .00 .00 .00 .00 .00 .00

P205 .08 .13 .25 .13 .22 .11

Total 94.90 94.90 94.90 94,90 94.90 94.90



Table 5, Continued

(a) Continued

#7

GaO

K20

Na20

Fe203

Si

MgO

T102

So3

A1203

NiO

ZnO

CoO

CuO

Mn02

BaO

La203

Ce203

Sm20

p2 05

Total

37

2,12

075

27,70

54, 19

5,79

02

08

2,65

.15

00

02

.03

73

06

00

00

00

21

94,90

#8 #9 #10

.45 .46 .92

1,83 2,11 1,50

.71 .58 1,01

29,11 26,66 39,98

53,42 55,03 41.94

6.07 6,71 4,47

.03 .00 ,12

.09 .10 .08

2,06 2,11 2,00

.17 .11 .18

,02 000 .00

.04 000 .03

.09 .02 .06

.59 .63 2.07

.06 .11 .01

000 .00 .00

.00 .00 .00

.00 000 .00

.15 .26 .52

94,90 94.90 94.90

#11

O 55

1,89

o 61

34. 68

470 53

6.15

O 05

,03

2.11

0 09

O 00

0 00

0 00

098

O 00

0 00

00

0 00

0 20

34



Table 5, Continued,

(a) Continued

CaO

K20

Na20

Fe203

Si O

MgO

Ti02

So3

A1203

Nb

ZnO

CoO

CuO

Mn02

BaO

La203

Ce203

Sm203

plo5

Mean+ 1 Mean± 1c

(excluding #10)

,51±.18 47+l3
1.99 ±,19 2.04±.l1
.64+.17 60±12

30,63+3.92 29,70±2.53
51. 32 + 3.88 52. 25 ±

5,95±.64 6.l0±.44
.04±.03 .03±.02
.o6±,0z .o6±.oz

2.40 +.35 2.44±,34
.11±.05 .11+.05
.0Z+.03 .02±.03
.02±02 .02±.02
05±.05 ,05±.05
,90+,46 .78+.27
.03+,04 .03+.04
.00±.00 .00±.00
.00±.00 .00.±.00
.00.±.00 .00±.00
.20±.12 ,17±.06

35
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Table 5. Continued.

(b) Todorokite, normalized to 87. 64%

#1 #2 #3 #4

CaO 1,12 1,20 1.39 1,25

K20 1,62 1,74 1,66 1,43

Na20 1.10 1,13 1.26 1,05

Fe203 1,26 1.39 .82 3.05

Sb2 .64 1,33 .38 1,89

MgO 3.06 3.17 3,10 3.26

Ti02 .02 .03 .02 . 02

SO3 .03 .10 .09 .03

Al 0 .42 .33 .20 .4623
NiO .28 ,33 .25 .40

ZnO .04 .09 .06 .09

CoO .00 .02 .00 .01

CuO .49 .55 .56 .61

Mn02 76. 00 74. 52 75, 81 72, 75

BaO 1.38 1,55 1,58 1.16

La203 .00 .00 .00 .00

Ce203 .05 .06 .06 .04

Sm203 .02 .02 .02 .03

p2 05 .09 .09 .37

Total 87. 64 87. 64 87. 64 87. 64



37

Table 5. Continued,

(b) Continued

#5 #6 Mean ± 10

GaO 1.22 1,06 1,21±011

K20 1.38 1.49 l,55±,14

Na20 .99 1,05 1.10 +.09

Fe203 2.05 1,26 l,64+,79

Si02 .89 .63 ,96± .5.5

MgO 3,14 3,01 3,12 ± .08

T102 .01 .03 ,OZ±,O1

so3 .io .05 ,07±,03
A1203 . 44 , 27 ± , 10

N1O .38 .31 ,32±,06
ZnO .09 .07 .07+,02
CoO .02 .01 ,01±,01
CuO .56 .55 ,55±,04
Mn02 74,53 75.85 74,91 ± 1.25

BaO 1,57 1.82 1,51 ± .22

La203 , 00 . 00 , 00 + 00

Ce203 .08 .07 ,06.01

Sm203 , 03 . 03 . 02 ± .01

P205 .13 .08 ,14±,11

Total 87, 64 87. 64



Table 5. Continued.

(c) Micro-laminated iron-rich deposit, normalized to 87. 4 o

#1 #2 #3 #4

CaO 2,19 1.64 1.54 1,81

K20 .25 .63 .28 .25

Na20 .22 .46 .26 .36
Fe203 25.98 14. 48 26. 43 25. 34

Si02 14.55 7.33 16.54 15.37

MgO 2.98 3.93 2,92 2,71

T102 .13 .20 .24 .11

503 .13 .09 .05 .18
A1203 1.45 1,28 1,82 1,31

NiO .45 .77 .24 .45

ZnO .11 .35 .22 .09

CoO .13 .16 .11 .04
CuO .16 .64 .33 .16
Mn02 37.69 54,16 35,20 37,30

6a0 .69 .86 .92 1,38

La203 .00 .05 .04 .00

Ce203 .02 .08 .04 .05
Srn203 .03 .12 .07 .07

P205 .45 .38 037 .63

Total 87. 64 87. 64 87. 64 87. 64

(1) These totals were norra1ized to 7. 64% to facilitate comparison
with the normalized todrokite compositions.



Table 5, Continued,

(c) Continued

GaO

K20

Na20

Fe203

Si

MgO

Tifl2

SO3

A1203

NiO

ZnO

CoO

CuO

Mn02

BaO

La203

Ce203

Sm203

p205
Total

#5

2.27

24

30

23. 28

14.17

3.00

.12

38

1. 47

70

20

.12

30

39. 05

1.26

00

08

.06
o 64

87. 64

(2) Grain #2 excluded.

#6

2.44

42

32

26. 00

14,94

5.11

24

14

a. 66

1.23

42

24

.10

31.85

79

04

08

.13
44

87. 64

Mean± 10-

1.98± .37

34 . 1 5

o 32 + , 08

23. 58
,

4, 59

13,82+ 3,28

.92

.17 + .06

.16 + .11

1.66 + .52

64 ± .

.23 ± .13

.13 ± .06
28 ± , 20

39,21 + 7.74

.98± .27

02 ± .02

.06± .03

O 08 ± 0 04

.48 + .12

Mean± j2)

205 ±

29 ± .07

029 ± .05
25,41 ± 1,25

15,11 ± .91

3, ± .99

.17 + 007

.18 .12

1.74±055

O 61 ± , 38

.21 ± .13

o 13 ± . 07

.21 0 10

36. 21 ± 2, 81

1001 ± 30

0 02 0 02

005 ± 003

° 07 ± , 04

,51 ± .12



Table 5, Continued,

(d) Phosphatic fish debris, normalized to 83, 03%

#1 #2 #3 #4 #5

CaO

K20

Na2 0

Fe203

Si 02

MgO

T102

So3

A1203

Nb

ZnO

CoO

CuO

Mn02

BaO

La203

Ce203

Sm203

p205
Total

44,98

08

72

36

05

o 60

01

75

o 07

00

01

o 00

04

35

00

24

o 00

.06
34 71

83,03

45,86 45.13 44.74 45,19

.06 .05 .05 005

.69 .76 .69 .75

.32 .32 033 027

.10 .07 .09 .03

.64 .64 .86 .68

.01 .02 000 .00

066 .6s .80 064

.05 .07 .10 .78

000 .00 000 000

000 000 .00 .00

000 000 000 .00

.01 .03 .02 .07

026 .31 .38 .34
.00 000 000 .00

.24 .28 .35 .26

000 000 000 .00

008 .08 .07 .06

34.09 34.62 34.54 33,91

83. 03 83, 03 83. 03 83. 03

Mean+ 1a

45018 ± .42

006 ± 001

.72± .03
0 32 ± .03

007 ± 003

68 ± 0 10

001 + .01

70 ± . 07

21 ± 0 32

O 00 ± 00
0 00 ± 0 00

000 ± ,0Q

.03± .02
0 ± 0 05

O 00 ± 0 00

o 27 ± . 05

O 00 ± 0 00

0 07 ± 01
340 '' ± 0 35
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X-RAY DIFFRACTION ANALYSIS

X-ray diffraction patterns from individual micronodule and

smectitè grains were obtained using a technique developed for small

samples by Dr. R. K. Soren-i (1960) (Figure 5), With this technique,

grains as small as 10 microns in diameter are mounted on a gelatin

fiber in a 57. 3 mm diameter Debye-Scherrer diffraction camera.

Samples were either hand-picked or scratched from a polished

section with a diamond stylus mounted on a micromanipulator0

A manganese-rich, highly reflective micronodule core taken

from a polished section gave a diffraction pattern (Figure 5) identical

to that of todorokite from Charco Redondo, Cuba (Straczek et a1,

1960). No extraneous diffraction lines were noted, The unusually

high quality of the diffraction pattern may be attributed to the sample

preparation. Since whole fragments were mounted in the Xray

camera, grinding the sample was unnecessary. Grinding manganese

oxides has been shown by Burns and Brown (1972) to result in poor

diffraction patterns because of damage to the crystalline structure.

Whole micronodules hand-picked from coarse fraction separates

also gave todorokite patterns with no extraneous lines assignable to

other minerals,

Hand- picked lemon-yellow smectite aggregates gave excellent

diffraction patterns (Figure 5), but the similarity of the standard
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Figure 5. X-ray diffraction patterns. All patterns
obtained using a 57. 3 mm diameter Debye
Scherrer camera with Fe radiation.
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nontronite and montrnorillonite patterns does not allow distinction of

these phases in untreated samples. No extraneous peaks were pre-

sent, The diffuseness of the Bauer Deep srnectite pattern may be.

the result of small crystallite sizes.

DISCUSSION

Sme ctite s

The oxide weight percent totals for the smectite grains range

from 67 to 95 percent (Table 4a). Both the SEM photographs and the

analytical results suggest that the cause of the spread in the oxide

weight totals is variable and often high porosity rather than poor or

incomplete analyses. The delicate intergrowth of bladed smectite

crystals depicted in the SEM photographs supports the suggestion of

high porosity, Such a structure, when analyzed with a wide (20 micro-

meter) electron beam would give a low oxide weight total, but with

the relative elemental concel3trations unchanged.

When the analytical results are normalized to conform with the

highest oxide total obtained (94.9%), the variation in elemental oxide

concentrations among the eleven grains is small (Table 5a), suggest-

ing that the variation in the raw oxide totals is caused by variations

in porosity or water coitent rather than by variations in relative

composition.
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The results were normalized to the highest total obtained

because this analysis is assumed to represent a lower limit to the

amount of porosity present0 Since it is impossible to determine the

relative contributions of structural water and porosity to the low

totals, the highest total obtained is taken to represent a 'porosity

free' analysis. Since the amount of water lost on ignition by

smectites is typically 5...10% (Ross and Hendricks, 1945), the value

of 94. 9% to which all the smectite analyses have been normalized

(Table 5a) is probably a good estimate of the absolute composition0

It follows that the upper limit of the structural water content of these

smectite grains is 5 1 percent0

Variations in composition among the eleven grains analyzed

appears to be mostly caused by contamination with varying amounts

of intergranular iron and manganese oxides. Grain #10 (Table 5a)

shows enrichment in Fe, Mn, Ni, Ca, and Na, and depletion of Si,

Al, Mg, and K, relative to the other smectite grains0 Each of the

former elements are also enriched in the todorokite or iron rich

phase (Table 5b and 5c) relative to the smectite, whereas the latter

elements are also depleted in the ferromanganese phases relative to

the smectite. This apparent covariation between those elements

which appear in the ferromanganese phases and those elements which

appear as contaminants in the smectite suggests that the variations in

the compositions of the smectite grains are largely caused by



admixture of ferromanganese impurities, rather than poor analyses

or natural variation in the smectite composition Figure 6 also

shows that the deviation of one or two grains from the other analyses

is toward higher iron and manganese compositions. The most

anomalous analysis (grain #10) was deleted from the calculation of

the mean smectite composition (Table 5a), Deletion of grain #10

reduces the standard deviation of each of the elements listed above,

The chemical compositions of the smectite grains have been

recalculated to molar proportions and fitted to the general smectite

composition Y4 6Z8O20(OH)4nHO (MacEwan, l96l) Ca9 Na, K,

and Ba are assumed to be interlayer cations, The equivalent con

centrations of these elements were used to calculate the interlayer

charge. Molar proportions were adjusted to give a total unit cell

with 44 equivalents. All iron js assumed to be in the Fe(III) state

because of the oxidized state of the core and the 1emonyellow color

of the smectite grains. Net unit cell charges were forced to balance
+3 +3the interlayer cation charge by transfer of Al and Fe into the

tetrahedral layer as necessary. On the basis of ionic radii con-

siderations, Al+3 was assigned to the tetrahedral layer until it either

satisfied the charge balance requirements or was exhausted. Iron

was assigned to the tetrahedral layer as was necessary only after

exhaustion of all the available aluminum,

Although this preferential assignment of A1+3 orer Fe+3 to the



Figure 6. Comparison of major element concentrations in Bauer
Deep smectites, Red Sea nontronites (Bischoff, 197Z),
standard continental nontronites (Kerr et al., 195 1),
and standard montmorillonites (Kerr et al., 1951).

47
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tetrahedral layer is on a sound basis with respect to ionic radii con-

siderations and has been used previously (cf. Bischoff, 1972), it

should be noted that there are no structural data to support such a

procedure in the case of the Bauer Deep smectites, Osthaus (1954)

used acid dissolution techniques to suggest that a nontronite sample

contained considerable iron in addition to aluminum in tetrahedral co

ordination, despite the fact that enough aluminum was present to

compensate for the silicon deficiency. Considerable amounts of

aluminum and iron were present In both the tetrahedral and octahe-

dral layers. Hence, although aluminum has been assigned preferen-

tially to the tetrahedral layer in this study because no structural

determinations have been made, the resulting iron and aluminum

distributions must be considered tentative.

It should also be noted that phosphorous and sulfur have been

assigned to octahedral positions. This assignment is arbitrary, but

in any event the concentrations are so small that the structural picture

is not affected.

The calculated structures from each analysis as well as a

!nleanl structure determined from the mean molar composition are

presented in Table 6. It is evident that the compositions indeed fit a

smectite structure. Net unit cell charges range from 0. 60 to 0. 88

and for each analysis the sum of the octahedral cations falls within

the theoretical mole range of 4-6. The 'averaget smectite gives a



Table 6. Distribution of Cations Per Lattice Unit in Smectite.

#1 #2 #3 #4

Si+4 7.370 7.361 7.172 7.620

Tetrahedral A1+3 456 .476 .411 .380

Fe+3 174 .163 .416 .000

Tet, Cations 8. 000 8, 000 8, 000 8. 000

Fe+3 3.074 3lO6 2,905 2,821

A1+3 .000 .000 .000 .080

Mg+Z 1.211 1,122 1,333 1.333

Mn+4 .037 .06.7 .119 .052

Ni+Z .006 .008 .000 .018

Octahedral Zn+2 .010 .005 .000 .002

Co+Z .006 .005 .000 .004

Cu+Z .015 .009 .006 0010

T1+4 .003 .005 .006 .002

.005 .006 .006 .009

P+5 .009 .015 .030 .015

Oct. Catlons 4. 376 4. 348 4,405 4. 346

Ca+Z .061 .059 .111 .040

Interlayer .355 .382 0377 .392

Na .193 .123 .141 .119

Ba+Z .001 .001 .000 .003

Interlayèr chare .672 .625 .740 .597
(1) In equivalents per unit cell.



Table 6. Continued.

#5 #6 #7 #8

50

Si+4 7,120 70539 7.581 7,520

Tetrahedral Al+3 .452 .319 .418 .342

Fe+3 ,4Z8 .141 .000 .138

Tet, Cations 8.000 8.000 8.000 8,000

Fe+3 3.015 20 805 2,917 2.946

A1+3 .000 .000 .018 .000

Mg+Z 1,264 1.398 10207 1,275

Mn+4 0100 .103 .070 .057

Ni+Z .014 0015 .017 .019

Octahedral Zn+Z .000 .000 0000 .002

Co+Z .000 .000 .002 .005

Cu+Z .000 0000 .003 .009

T1+4 .004 0000 .002 .003

.004 .005 .008 .009

.027 .013 .025 0018

Oct. Cations 4. 428 4,339 4, 269 4. 343

Ca+Z .093 071 .056 .068

Interlayer 0 375 . 372 0 378 . 329

Na+l .141 .204 .204 .194

Ba+Z .000 .000 .003 .004

Interlayer charg . 703 .718 . 699 0 665
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Table 6. Continued.
(2)

#9 #10 #11 Mean

Si+4 7,700 6.291 6903 7,388+ ,254

Tetrahedral Al+3
. 300 , 353 , 362 .406 ± ,060

Fe+3 ,000 1,356 735 ,206+238
Tet, Cations 8, 000 8. 000 8 000 8.000

Fe+3 2,808 3,157 .056 2.954± .113

.048 ,000 .000 .000

Mg+Z 1,399 .999 1,331 1,285+ .142

Mn+4 .061 .215 .098 .077+ .036

Ni+Z .013 0022 .010 ,013±,005

Octahedral Zfl+Z
. 000 , 000 000 002 ± , 000

Co+Z
, 000 , 004 . 000 . 002 + .000

Cu+Z .003 .007 .000 .006+ .004

Ti+4 0000 ,013 0O5 ,003+ .002

0011 ,008 .003 .006± .002

P5 .031 ,066 .024 0020+ .007

Oct. Cations 40 374 4.491 4,527 4. 368 +,068

Ca+Z .069 , 148 0085 0071 + 0020

Interlayer .376 .287 .350 .368+ .018

Na .158 .294 .172 164+ .032

Ba+Z .006 0001 0000 .002+0001
Interlayer charge , 684 .878 . 693 0 678 .± 0042
(2) Calculated from mean molar composition.
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composition corresponding to the formula;

(Ca07K 37Na i6 (Fe395Mg228Ni1Mn8) (Si7
38

Al+341Fej) 020 (OH)4 nH2O

The relative proportions of the four major elements (Si, Fe,

Al, and Mg) have been plotted In Figure 6 to show the general rela-

tionship between the composition of these Bauer Deep smectites and

both nontronites and montmorillonites. In Figure 6 the continental

nontronites and montmorillonites presented are American Petroleum

Institute standard clay minerals (Kerr etal,, l951)

The structural formula given above places the Bauer Deep

smectites within the structural and chemical boundaries of a non-

tronite, End members of the continuous nontronite-beidellite series

are (MacEwan, 1961):

Nontronite

M7 (Fe300) (Si7 33A1 67 Oo (OH)4

Beidellite

M+7 (A1300) (Si7 33A1
67 020 (0)4

Based on these ideal compositions, the Bauer Deep nontronite

is distinguished by its high iron and magnesium contents0 The sub

stitution of iron for aluminum in the tetrahedral positions character

izes the Bauer Deep nontronite as slightly more iron-rich than the
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nontronite end member of the ideal nontronite-beidellite series, The

general chemical similarities between the Bauer Deep nontronite and

both continental and Red Sea nontronites are evident in Figure 6,

The high magnesium content of the Bauer Deep nontronite is

unusual in that the results of Ross and Hendricks (1945) suggest that

high-iron smectites are usually low in magnesium. Both continental

nontronites and Red Sea nontronites contain less than half as much

magnesium as the Bauer Deep nontronites (Figure 6). Although the

Bauer Deep nontronite and the Red Sea nontronite are generally

similar, they are distinguished by the relatively large amounts of

Cu and Zn and the lesser amount of magnesium in the Red Seanon-

tronite (Bischoff, 1972). The Red Sea nontronite also appears to be

distinguished by the presence of ferrous iron in the octahedral layer.

This occurrence of nontronite in the Bauer Deep establishes the

formation of an authigenic smecti,te species in pelagic metalliferous

sediment, As such, it raises the question as to what extent this pro-

cess occurs in more typical pelagic sediments, Further work is

required to determine whether this authigenic precipitation of

nontronite is unique to deposits of metalliferous sediment in volcanic-

ally active regions or whether it is a more widespread phenomenon

which is normally obscured by terrigenous, eolian, or biogenous

sedimentation,

A persistent problem in the analysis of clay minerals is the
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presence of contaminants. In this case, the question as to whether

or not there are large amounts of iron-rich impurities in the non-

tronite aggregates strongly affects the determination of the mineral

species0 As noted above, the X-ray diffraction patterns are only

sufficient to establish the unequivocal presence of either montmoril-

lonite or nontronite0 However, it is also to be noted that there are no

other crystalline species present in the Bauer Deep smectite aggre-

gates, suggesting that any impurities present are amorphous0

Although the presence of small amounts of amorphous iron-bearing

impurities cannot be conclusively ruled out, previous analyses of

both Red Sea nontronites and fine- grained smecti.tes from the East

Pacific Rise suggest that the Bauer Deep nontronites analyzed in this

study are not substantially contaminated. The Red Sea nontronites

analyzed by Bischoff (1972) contain higher Fe-Si ratios after

dithionite- citrate treatment (Mehra and Jackson, 1958) for removal

of iron oxides than do the Bauer Deep nontronites of this study

(Figure 6). In addition, partial analyses of dithionite-treated clay

fractions of metalliferous sediment from the East Pacific Rise by

John Kendrick and Dave Rea (1972, written communication) also indi

cate high iron concentrations, Finally, optical examination, as

noted above, reveals no evidence of iron-bearing impurities0
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Micronodule s

The quantitative results (Tables 4 and 5) confirm the presence

of two chemically distinct ferromanganese phases comprising the

micronodules of sample All 54-14. The structure, chemistry, and

morphology of these phases are all related to the origin of the micro-

nodules and may reflect on the origin of the sediment.

(a) Morphology. As noted in Table 3, 90 percent of the 412

rnicronodules examined in polished section exhibit either an apparently

homogeneous (micro-laminated) structure or a two-phase structure

with a consistent sequence of deposition of the two types of phases.

The predominance of these two structures may be explained in two

ways, both of which are consistent with a single model for the origin

of the micronodules.

If most of the rnicror.odules are composed of a massive todoro-

kite core surrounded by an iron-rich rind, a collection of random

cross sections of micronodules would be expected to exhibit the

observed morphologies, That s, the apparent presence of two

morphologies may be an artifact caused by the random mounting and

polishing technique. The random distribution of micronodules in the

epoxy matrix would cause some of the micronodules to be cut and

polished on a place passing through only the outer, iron-rich rind,

and others on a plane through both phases. Since the relative sizes
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of the core and rind are highly variable it is impossible to speculate

as to the theoretical distribution of cross section types in such a case9

Alternatively, distinct structures may be pre sent; micr onodules

comprised solely of the iron- rich micro-laminated deposit and

micronodules comprised of a todorokite core and iron-rich rind9

In either case, the formation of the micronodules may be in-

ferred to have proceeded in two stages a period of deposition of

todorokite followed by a period of deposition of the iron-rich, micro-

laminated material, Such a model would account for the presence of

exclusively two-phase micronodules, each i-nicronodule reflecting

both periods of deposition, as well as the presence of a combination

of one- and two-phase micronodules. The rarer occurrence of other

observed structures mightbe ascribed to partial sediment reworking

and consequent introduction of rnicronodules with different deposition-

al histories,

Another hypothesis which should be considered is alteration of

todoroki.te micronodules by sea water to give an alteration rind,

Manganese mobilization at depth might include partial dissolution and

alteration of micronodules, resulting in concentric rinds around un-

altered cores, However, the quantitative analyses argue against this,

since the compositions would require transfer of large amounts of

silicon and iron into the micronodule to replace the dissolved man-

ganese. Additionally, the micro-laminations in the rind material are



57

characteristic of typical concretionary deposits, rather than altera-

tion products.

The fact that almost all the micronodules in a sample developed

in the same way (todorokite followed by a micro-laminated phase) has

important consequences for the history of authigenic mineral precipi-

tation within the sediment. It implies that the micro-environment

from which the ferromanganese deposits precipitated changed at some

time such that deposition of todorokite ceased and deposition of a

micro-laminated phase or phases commenced. This model of a

systematic change in mineralogy contrasts with the alternative model

random nucleation or epitactic crystallization of one mineral upon

another. The depositional sequence in the micronodules implies that

whatever changes occurred in the micro-environment of the sediment

to cause the changes in authigenic precipitation are recorded in the

morphology of the micronodules,

Although the morphologies of micronodüles have not been studied

previously, studies of larger nodules (Sorem and Fosters
1972) has

shown similar correlations of depositional histories among nodules

recovered from a single dredge haul, as well as among nodules from

different dredge hauls.taken close together. The relatively simple

structures of micronodules as compared to macronodules should

facilitate more conclusive stratigraphic studies, since correlation of

the himdreds or thousands of layers of variable thickness within



macronodules is quite difficult. In addition, the detailed correlation

of depositional sequences within surficial macronodulesreflects the

history of ferromanganese deposition during the lifetime of the nodule,

whereas the analysis of depositional sequences in micronodules from

any point in an oxidized sediment column should provide a history of

ferromanganese deposition during the time that authigenic precipita-

tion took place in the sediment,

(b) Mineralogy-Todorokite. Thetodorokite cores are essen-

tially monomineralic except for microinclusions of unidentified

contaminants. Quantitative analyses (Table 4b) gives consistently

high (85-87%) oxide weight totals which are within the range expected

when structural water is taken into account The high reflectivity of

the polished samples and their radial anisotropy suggest a relatively

dense, crystalline structure, The fine-gralned ( lpm) nature of the

todorokite is indicated by the size of the radially anisotropic crystal

lites, The todorokite is exceptionally stable under the electron beam

of the microprobe, showing no tendency to deteriorate even after long

periods of exposure. The high analytical totals also indicate that the

porosity of the todorokite approaches the porosity of the standards,

all of which are essentially non-porous glasses, minerals, or pure

metals,

This occurrence of todorokite as a highly reflective,
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anisotropic deposit is similar to occurrences of todorokite in

macronodules. Sorem and Foster (1972) have identified both

birnessite and todorokite in massive, highly reflective laminae of

manganese nodules, and Andruschenko and Skornyakova (1969) report

psilomelane and todorokite in the form of small, highly reflective

globules comprising manganese nodules0 This identification of

todorokite in the deep water (4200 m) deposit studied here is also

consistent with the common occurrence of todorokite in deep pelagic

nodules (Barnes, 1967; Cronan and Tooms, 1969).

The major element composition of the todorokite (Table 5b) is

similar to published analyses of continental deposits of todorokite

(FrondeletaL, 1960). Minor element concentrations are similar

except that the micronodule todorokite is relatively enriched in copper

and nickel, and apparently enriched in iron, although the iron

enrichment may be caused by admixture of iron rich micro-

inclusions.

In order to calculate an approximate formula for the todorokite,

the mean composition (Table Sb) has been recast in atomic propor-

tions. If the deficiency in the oxide weight total is assigned to

structural water, the formula is:

(Mn728Mg068Ca018K028Na030Ba008Fe017)

5,8H20



(c) Mineralogy.. Micr o-laminated Rind. The micro- laminated

rind is both structurally and mineralogically unlike the todorokite.

As noted above, microscopic examination reveals concentric micro-

laminae of unidentifiable components. Similar micro-larninae in

micronodules have been observed by scanning electron microscopy

(Margolis, 1973). The characteristically poor reflectivity,

apparent isotropism, and tendency to deteriorate slowly under the

electron beam indicate a structure different from the dense, massive

todorokite, The quantitative analyses give low and highly variable

oxide weight totals (3965%, Table 4c), which can be attributed to the

highly porous structure visible in the SEM photographs. Both the

instability under the electron beam and the low analytical totals are

probably caused by the high porosity, High porosity results in poor

heat conduction - the primary cause of deterioration under an electron

beam, Because porosity leads to a proportional reduction in the

apparent concentration of all elements, all analyses of the rind

material have been normalized to give a total oxide weight equal to

that of the todorokite analyses (Table 5c) so as to facilitate comparison

of analyses of the two phases. This procedure also brings the totals

up to a value close to those for typical nodules.

The analytical data suggest that the iron-rich rind consists of

several minerals, Both the variability of major element abundances

in the six analyses and the actual major elements identified suggest
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that at least three phases are present, This is shown more clearly

in Figure 7 which compares the proportions of Mn02, Si02 and

Fe203 in the rind material to their proportions in the todorokite and

nontronite from this study and in typical manganese nodules. The

following observations can be made from this figure:

(1) Rind material doesnot appear to be a simple mixture of

todorokite and nontronite. Connection of the todorokite and

nontronite composition fields shows that excess iron is

present in the rind material, The absence of identifiable

minerals, other than todorokite, in the X-ray diffraction

patterns of whole mi.cronodules suggests that the excess

iron is amorphous.

(2) Furthermore, most of the manganese nodules presented in

Figure 7 also fall above the todorokitenontronite tieline,

implying that excess iron oxide species are present in most

manganese nodules. The high silicon content of nodules

falling below the tieline may be caused by detrital con-

taminati on.

(3) The micro-lamthated, iron-rich material from the Bauer

Deep has a major element composition similar to macro-

nodules from the Pacific,

(4) The bulk sediment composition falls on a tieline connecting

the fields of rind material and nontronite, Thus, the
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Fe203

5/02 Mnc

Figure 7. Major element relationships of todorokite, iron-rich
rind, smectite, and typical North Pacific manganese
nodules. Dashed line encloses range of values for
North Pacific nodules. Data for North Pacific nodules
are from Hornetal. (1972).
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composition of the bulk sediment can be accounted for by

these two species.

Thus, the composition of the rind material can be interpreted

as a mixture of todorokite, riontronite of the composition measured in

this study, and an amorphous iron hydroxyoxide. Alternatively, a

simple mixture of a high iron nontronite or an unknown iron-

manganese-silicate mineral could account for the observed rind

composition, Since I did not measure any srnectites which would fall

in the extremely high-iron class and the presence of an iron-

manganese-silicate mineral has never been described in marine

sediments, the first explanation seems preferable. Additionally, a

nontronite with a higher concentration of iron than that measured in

this study is unlikely because of the limited capacity of the smectite

structure to accept iron substituting for silicon,

(d) Chemistry. Figure 8 shows the abundance patterns of

selected elements in tl3e todorokite and the micro-laminated rind

material, Of the transition metals, iron, nickel, zinc, and cobalt

are concentrated in the rind material, whereas copper is more abun-

dant in the todorokite. Cobalt is clearly concentrated within the iron-

rich phases of the micronodules relative to the manganese-rich

phases (Figure 8). This supports the conclusions of Burns and

Fuerstenau (1966) and Burns and Brown (1972) based on qualitative
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microprobe traverses of nodules, and of Goldberg (1954) and Riley

and Sinhaseni (1958) based on bulk analyses of nodules. The observed

covariance of cobalt and iron in these micronodules is consistent with

the suggestion of Burns (1965), based on theoretical considerations,

that isomorphous substitution of Co(Ifl) for Fe(III) in iron oxides is

feasible in oxidizing marine environments where additional Co(II) is

added to sea water by volcanic input, In contrast, the higher concen-

tration of nickel in the rind conflicts with the results obtained by Burns

and Brown (1972), who found covariance of Ni and Mn concentrations

in microprobe traverses of manganese nodules.

Barium in the sediment occurs primarily in the two ferro-

manganese phases and in barite. The higher concentration of

barium in the todorokite relative to the Fe-rich phase apparently

reflects the preferential coprecipitation of barium and manganese.

Thus, barium concentrations (as BaO) range from . 00 to 4, 32% in

todorokites (Frondelletal., 1960), and Bonattietal, (1972) have

observed a covariation of Ba and Mn in hydrothermal Fe-Mn deposits.

Although the presence of barite is confirmed by X-ray diffraction of

the bulk sediment, little or no barite is observed in the coarse

fraction. Since barium is more concentrated in the bulk sediment

(3. 10% as BaO) than in any of the coarse grains analyzed, most of

the barium must be present as fine- grained barite. The absence of

coarse euhedral grains of barite characteristic of many pelagic



biogenous sediments in the Bauer Deep sediment may suggest that

there is a difference in the origins of the barite in sediments that is

reflected in the grain sizeq Barium introduced into sea water hydro-

thermally may coprecipitate with ferromanganese oxides or precipi-

tate rapidly with sea water sulphate to form fine- grained barite,

whereas Barium introduced and concentrated in pelagic sediments by

biogenous fallout (Church, 1970) may precipitate slowly to produce

large euhedral barite crystals.

Phosphorus is several times more concentrated in the iron-rich

phases of the micronodules than in either the todorokite or the silicate

grains, This is direct evidence in support of the suggestion by

Berner (1973) that dissolved sea water phosphate is preferentially

absorbed by poorly crystallized hydrous ferric oxides,

Sulfur is concentrated in the phosphatic fish debris by almost

a factor often relative to the other phases analyzed (Table 5d). Since

this sulfur undoubtedly is derived from sea water, the concentration

of sulfur inthe fish debris may partially account for the observed

s341s32 ratio of the bulk sediment (Dymondetal9
1973). Even

though fish debris constitutes only two percent of the coarse fraction,
3432the concentration of sulfur with a S IS ratio equal to that of sea

3432water in the fish debris may largely determine the S IS ratio of

the bulk sediment.
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(e) Rare Earth Element Distributions. Because of the low

concentration of rare earth elements (REE) in the samples and the

lower intensity of the L X-ray lines used for analysis, the analytical

results are subject to relatively large undertainties0 However,

although the absolute concentrations are in some cases questionable,

the observable trends appear capable of testing previous contentions

based solely on bulk analyses (DymondetaL, 1973).

Of the REE, lanthanum, cerium, and samarium were chosen

for analysis in order to investigate both overall REE concentrations

within the various phases and the relative enrichment or depletion of

cerium in each of the phases0

La, Ce, and Sm are below the detection limit ( <100 ppm) in

each of the nontronite grains analyzed. As expected, the large ionic

radii of the REE apparently preclude their substitution in either the

tetrahedral or octahedral lattice sites of the nontronite structure.

Even though nontronite is the most abundant component of the sedi-

ment, the low concentration of REE in this phase suggests that the

bulk sediment REE distribution may be largely determined by the

much higher concentrations of REE in the ferromanganese and bio-

genous phosphate phases.

Figure 9 shows the lanthanum and cerium concentrations in the

todorokite, phosphatic fish debris, and micro-laminated, iron-rich

phases. For comparison, the La and Ce concentrations
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of a number of Pacific manganese nodules (Piper, 1972) have

also been plotted. The La and Ce concentrations of the bulk sediment

(Dyrnondetal., 1973) are also plotted as are lines representing the

La/Ce ratios of the sea water and the bulk sediment.

Both the todorokite and the micro-laminated iron--rich deposits

have the relatively high Ce concentration characteristic of ferro-

manganese nodules. The concentration of lanthanum was below the

detection limit in all the todorokite analyses and in three of the six

rind analyses.

The phosphatic fish debris contains high (24OO-35OO ppm) concen-

trations of La but undectable amounts of Ce, The concentrations of

both La and Sm in this phase agree well with the values presented for

fish bone apatite by Arrhenius and Bonatti (1965), but the Ce concen-

tration is lower than their value by a factor of ten.

Taken together, the La-enriched phosphatic fish debris and the

Ce-enriched ferromanganese phases could account for the bulk sedi-

ment La/Ce ratio. Dilution of these phases by the nontronite can

account for the low total REE concentration of the bulk sediment as

well as the La/Ce ratio. Hence, the similarity of the bulk sediment

REE distribution to the sea water REE distribution may simply

reflect a particular mixture of ferrorranganese grains and phosphatic

fish debris rather than the dominant Influence of sea water in

controlling the composition of the metalliferous sediments (cf. Bender
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, 1972),

CONCLUSIONS

1. The internal morphology and micro- stratigraphy of man-

ganese micronodules provide a more consistent and interpretable

history of ferrornanganese precipitation from sea water than do

surficial macronodules. The uniform stratigraphy of micronodules

from a single sediment sample implies that changes in the chemical

micro-environment of the sediment control mineral phases precipi-

tated from sea water. This line of reasoning leads to the conclusion

that:

(a) Well-preserved rnicronodules from a sediment sample

contain a record of ferromanganese deposition which can be deter-

mined and interpreted with standard miro-ana1ytica1 tools0

(b) Variations in this recorded depositional history has the

potential to augment standard biostratigraphic methods of correlation,

provided that such variations correspond to widespread variations in

the chemical conditions prevailing at the sea floor0

2. The nontronite present Bauer Deep sediments is character-

ized by high Fe/Si ratios and very low Al concentrations. The high

Fe concentration in this phase and the relative abundance of nontronite

in the coarse fraction of the sediment indicate that a large percentage

of the total iron content of metalliferous sediment is contained in this
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phase. The nontronite analyzed in this study has a chemical come-

position generally similar to nontronite described in the metal-bearing

sediments underlying the hot brines of the Red Sea (Bischoff, 1972),

but is distinguished by a higher magnesium content.

This occurrence of nontrnite establishes it as an authigenic

component of metalliferQus sediment from the Bauer Deep, Its

composition is unlike those of other smectites formed in the oceans

as a result of low temperature weathering and unlike continental

montmorillonites. This suggests that formation of the Bauer Deep

nontronite is either linked to hydrothermal processes which have

been suggested to occur at the spreading centers of the world, or is

a simple authigenic precipitation which is dominant in the Bauer Deep

because of the lack of dilution by terrigenous input.

3. The existence of authigerLic nontronite and todorokite in

metalliferous sediment indicates that these components precipitated

from sea water under similar conditions. Because they presumably

crystallized from the same sea water solution, it may be inferred

that they represent crystalline phases in thermodynamic equilibrium.

4. The bulk chemistry of the micronodules suggests that they

are comprised of at least three phases, two of which are todorokite

and an iron oxide species. Although the mineralogy and chemistry

of the third phase is not definitely established, the association of the

micronodules with discrete aggregates of authigenic nontronite
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suggests that nontronite is the third phase,

5. The mineralogy, bulk chemistry, and REE distribution in

manganese micronodules from the Bauer Deep do not differ from

manganese nodules from other parts of the sea floor This seems to

suggest that both micronodules and macronodules form by the same

process,

6, The major element composition of the bulk sediment can be

adequately accounted for by a mixture of nontronite and the iron-rich

micro-laminated phase. This suggests that the nontronite and micro-

nodule phases which are most abundant in the coarse fraction of the

sediment are also the major components of the bulk sediments,

7. The La/Ce ratios in ferromanganese micronodules and

phosphatic fish debris from metalliferous sediment are similar to La!

Ce ratios iii the same phases from other narine sediments, The REE

distribution in bulk metalliferous sediment is probably determined by

the relative proportions of the ferromanganese and phosphatic

components, and only coincidentally resembles the sea water distri-

bution in the All 54-14 sample from the Bauer Deep,

8, Finally, and most importantly, none of the conclusions

reached in this study require a model of hydrothermal activity to

account for the phases studied. The bulk sediment chemistry can be

accounted for by the compositions of the nontronite and the micro-.

nodules, The chemistry, mineralogy, and REE distribution of the
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micronodules resemble the properties of typical oceanic manganese

nodules. The unusual REE distribution of the bulk sediment can be

interpreted to be the result of an unusual combination or otherwise

normal components. The authigenic nontronite may be a widespread

occurrence which is diluted and masked by terrigenous or biogenous

sedimentation in other marine envir onments0
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