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A TRANSMISSION ELECTRON MICROSCOPE STUDY OF DEEP-SEA MANGANESE NODULES
by

. , * : o
M. von Heimendahl , Gale L. Hubred,
D. W. Fuerstenau and Gareth Thomas

2Department of Materials Science.and_Engineering
- University of California, Berkeley, California 94720

ABSTRACT

. Two Pacific Ocean manganese nodules, one from the ocean basin and
one from a sea—mount, were examined in transm1551on electron microscopes'
at 100kV and 650 kV. Of the many specimens examlned,'ten electron »
'di‘fraction crystai spot patterns were identified' 'Sodium birneSsite‘
was observed. s1x times and todoroklte, Giavanoli's synthetlc b1rnessite,
hydrohausmanite and Y-Fe203 were each found one time. Ferric hydroxide
was synthesized‘in the laboratory and shown to_be:the same as the primary
"iron minerai obServed in the manganese-modules.h fhe ferric hydroxide was
'_found to range in particle size from 30 to 450 R. Manganese oxide parti—.

cles were frequently found embedded in a mass of smaller ferric hydroxide

particles.

*Work done while on sabbatical leave from the Institut fﬁr
Werkstoffwissenschaften I, der Universitit Erlangeh-Nﬁrnberg;'Germany.
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* INTRODUCTION

Manganese-nodules are mineral'concretions found on all of the ocean
‘floors. Thetamount of the.Pacific_Ocean‘surface deposit alone has been
estimated to be greater than 1011 tons (Mero, l§65;cZenkevitch and
Skoryakova,“l?bl). Nodules-are;comprised of manganeseandixon'oxides
and hydronidesptogether_with varying amounts of aluminum-silicateiand
other minerals. Nodules are of potential eConomicﬁinterest because of the
-significant amounts of such valuable metals as nickel,.copper, and cobalt
contained within them. The nature and occurrence of nOdulesehave been'.‘
discussed in detail.elsewhere by Mero (1965) Tooms“etval (19695 and
1extensive bibliographies are available (Glasby, 1972 1973 Glasby and
.Hubred, 1973). The specific surface area of nodules is approximately 200
‘square meters-per gram~(Fuerstenau et al., 1973) -indicating that the
minerals constituting nodules are of extremely fine crystallite size.
Although deep-sea nodules have been the subject of many papers, there is
still considerable disagreement about their-mineralogya; The complex natural
assemblage of particles smaller than one micron found in manganese nodules
iis ideally_suited to.study by transmission electron-microscopy. fThe pure
pose of this work is -to initiate such a study of manganese nodule'mineralogy.
h_The procedures utilized in this transmission electron microscopic study
are complex, but it is hoped that the investigation may shed further light

on the complex mineralogy of manganese nodules.

'fBACKGROUND LITERATURE

Buser andtGrﬁtter (1956) first identified theilayered manganese oxides
in nodules and_they called them 7 A and lO_l manganites because of the

basalispacings;Of the layers. Most authors, Tooms et al. (1969), Han
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(1971), accept the identity of 10 A manganite with todorokite. However,
Giovanoli et al. (1973; 1971; 1970 a,B; 1969 a;b; 1968; 1967) have con-,
ducted an extensive survey oé the manganese O£ides a§d concluded that
- what is commonly identified as tbdofokite is a coﬁple#'mixﬁure»of.altera—
tion products of "buserite" dehydrating to;birnéséite;' "Buserite" is
the hewiy,prppoSed name for thel0 3 ménganite wﬁich had originally'beén
preparéd by Buser and Griitter (1956) ahd als§ Absefiéa by them in manganese
nodules. Giovanoli (1973) has prepared todorokite-céntéining up to a few
fercentvqf various»metdl cations.

Tﬁe relationship between §-MnO,, birneséité,‘ahd:7 3 manganite is
more cdmple#. Some authors, McMurdie (1944), Glemser et al. (1961),
Burns and Fuérétenau (1966), have éoﬁsidered G-Mnoé:as‘a‘distinct mineral.
Several autﬁors, Tooms et-al; (1969) and Han (1971),_Have'agreé& upon the
idenﬁity of Birnessite with.the 72 maﬁganité originélly synthesized and |
found in manganese nodules by Buser énd Grﬁtier‘(1956). Bricker (1965)
showed that §-MnO, is idenfical with birnessite exéépt that-i; lacks the
bassl plane reflectioﬁs in diffraction work becausé éf its smailAparticle
size. Giovanoli (1969) has concluaéd that §-MnO; is a family of oxides
with a continﬁous series of lattice parameter alterations ;esulting from
the substitution of various cations-betwéen'the oxidé 1aye:§. He has |
proposed two neﬁ.ASTM file éards for the minerals;"éynﬁhetic bifnessite"
(sodium free) and "sodium birnessite", both primary meﬁbers of the 6-MnO,
;eries. In the text of this_péper we shall use thg terminology s—bi;nessite
to represent the so-called synthetic birnessite of Giovanoli since tﬁe'
minérals examined in the nodules are not synﬁhetic. .Table I‘has béen
providedAto sumnarize the interrelationshipsAbgtwegn'the seyerallﬁanga-

nese oxides discussed above. Other minerals claiméd to have_been found.



in manganese nodules include. psllomelane, vernadite woodruffite, pyro-
lusite, y—MnOz, and cryptomelane (Andrushchenko and Skornyakova, 1969);
Gattow and Glemser, 1961) »

The dehydration of todorokite to birnessite has been observed by
.hseveral authors, Cronan (1967), Stevenson and Stevenson (1970), and
Giovanoli (1971) Brown (1971) has reversed this.transition, hydratlng
birnessite backﬂto todorokite by the use of an.autoeiave. The dehydration
proceeds at ‘an observable rate under laboratory conditions, indicating |
the need for_an.investigation'of nodules thatvhave;heen freshly gathered

" and stored in a wet atmosphere.

Iron Compounds :

| Goethite,_FeO(OH)‘has been'the most conmonlytidentified iron.phase v
found in nodules -(Han, 1971; Arrhenius, 1963); but‘recent MSssbauer -
spectra have shown that the iron is nearly all present as ferric hydroxide
~gels approximately 100 K in diameter (Hrynkiewicz et al., 1970 Johnson
end'Glasby, 1969) : Hrynkiewicz et al, (1970) have shown very clearly
that the surprisingly simple spectrum of manganese nodules is 1dentical
with that of ferrle_hydrox1de. Brown (1971) has found the same spectrum
and also detected a small anount of-ferrousAiron. 'The ferrous ion in J

. nodules may reside in the manganese 1ayered oxides, as may the other

divalent metal cations.

Silicate Compounds

Less attention has been direeted toward the silicate phases;’but'
montmorillonite,'phillipsite, and illite have been found in manganese

nodules., The silicate compounds can consumepiargefamounts of acid in
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an acid leach system and woﬁld thereforebe of interest to the extractive

metallurgist.s‘

Nickel, Copper and Cobalt in Nodules

The mechanism by which transition metals end’tracerelemeots'are
incorporateo ioto nodoles is one of the most pooriy understood subjeots;
sno yet tﬁese.elements are most attractive because of,their potential
economic‘value. On the basis of bulk chemical analysis, Goldberg (1954)

: found that Ni and Cu p051tively correlate with Mn in mnodules and that Co,
'Ti and Zn increase with the Fe content. Using an eleotron probe X-ray
microanalyzer, Burns and Fuerstenau (1966) demonstrated that there is a
distinct correlation between Fe, Co, Ti and Ca and also a pronounced
aSSOC1ation between Ni, Cu, Zn and Mg, which are enriched in the Mn phase,
Willis and Ahrens (1962) found that the Ni and‘Cu.concentrat1on in nodules
varies directly with each other.

There are several.theories on the manner ip'which these elemepts
cccur in nodules; Goldbe;g (1954) and Krauskopf (1956) supported the.
theory that these metal ions have been adsorbed frop'sea water as counter
ionsvin the electrical double layer at the surface of the negatively
charged manganese oxides (scavenging actions); Murray et al. (1968)
studied the sdsorption of aqueous metal ions on synthetic manganese
manganite.and found that Ni, Cu and Co exhibit merked'specific adsorption
in this'system. oﬁ the other hand, ﬁuser‘and coworkers (1956, 1954, 1955)
beiieve that these cations substitute for Mﬂ+g in the manganite minerals
by sn ion exchange mechanism. Burns (1965) suggested the possibility of
oxidation of Co+2-to Co+3 in the sea environment,tufhe resetion is aSsumed
to be cataiyzed by Fe(OH)3 and_is also favored.by Co(dH)a forﬁing a solid

s
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solution W1th Fe(OH)3. Arrhenius and Bonatti (l965)'suggested that .
manganese dioxide formed by rapid precipitation under comparatively

reducing circumstances may offer a favorable condition for solid solution

- of Co . Burns (1970) postulated that the nickel in G-Mnoz in manganese

nodulas iS‘mostly due to the oxidation of-Ni to Ni . on the basis-of
crystal field theoryO‘ From extensive thermodynamic calculations, Han

(1971) has shown that the concentrations of ions in sea water are those

in equilibrium with their oxides. He has postulated,vand‘demonstrated

analytically; that nodules are comprised of flocculated oxide particles.

- The present investigation has included a search for nickel copper and

"cobalt compounds to test these concepts.

It is clear, then, that there remains a need for further characteri—

zation of manganese nodules and especially to positively identify the

mineral composition. The transmission electron microscope (TEM) is a;'

powerful tool which has not been used,'to the knouledgé of the aithors,

~ to full advantage in the study of deep—sea manganese nodules. 'Okada‘

‘ and Shima (1969) and Buser and Grutter (1956) published electron micro-

scope pictures of nodules but did not provide crystal diffraction
patterns. The complex natural assemblege of particles smaller than 1
micron found in manganese nodules is ideally suitedtto study by TEM.

The‘purpose of'thisvwork is to begin this study.

'EXPERIMENTAL METHODS

Sample Description

The average chemical composition and originalplocation of the two :
different samples of manganese nodules that were studied are. shown in

Table II.
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‘The samples were chosen to represent a'deep;watef and a sea-mount
. s

enviiohment_andvhaVe beénvintensively studied in other respects (Han,
1971). Thévsaﬁples which were drawn from a.composiﬁé'of many ﬁodﬁlés
for>a single étation; were ground; sized and Stbréd"for sévéral months
with access to air. | |

A nodule poﬁder of size fracﬁibn_less than»?@,micfons'was prepared
in a 3 gram ber liter suspension and then subjected.to‘sonic energy for
various times with a "SONIC DISPEEMBRATOR"*. ~ Test runs with different
times of ulﬁ:asonic treatment between 1 minute aﬁd;BO minutes ét full

power showedno differences in microscopic. examination. Therefore, a

time of 3 minutes was chosen for subsequent experiments.

Electron‘Micrdscqpy

One droplet of the suspension was placed on a carbon film suppor ted
by a standard 200-mesh grid and alldwed to dry in air at room temperature,
as described by von Heimendahl (1970). The suspeﬁsi@n’was.applied to
the side of the carbon film facing the grid; Whéﬁ'applied to the otﬁer-
side; the £ilm would roll up and be destroyed. Afté¥ 15 to 30 minutgs,b
- the water was evaporated and all pattiéles’settled on ﬁhe film,

'In the microscope, "d" spaéipgs, éorreSponding to the Bragg condif
.tion'for‘refleCting planes (2dSin8 = 1), can be measured from obserQed
diffraction spofs or rings in diffraction patterns by using the caméra 
Constan; AL. Analysis 1s carried out as describe& in several references
(e.g., Thomas,.1962; Hirsch eﬁ al., 1965; von Heimendahl, 1970).>.For

--calibration in electron diffraction work, between one-third and one-half

" v o
- Quigley-Rochester Inc., Rochester, New York 14607.



of the gridvarea was afterwards ev;;orated with~gold. The camera con-
stant AL (X = electron wavelength 'L = effective canera length)‘was.
determined as the mean value from the strong (111)- and (311)-Debye--
Scherrer rings of the gold.

| The'data reported here were-obtained‘with‘a lOOka Siemens"Elmiskop
IA and a 650 kV Hitachi electron microscope. ‘The higher voltage provides
'greateripenetration and is useful for 1arge_particles, (e.g.,vlpm oTr more
Ain thickness) - In the case of the Elmiskop, a ALecalibration curve vs
objective lens current. (430 to 480 mA) could be worked out, using a |
.standard setting of 63 mA for the 1ntermediate lens and 208 mA for the’
prOjector»lens current. Various thicknesses of the samples and use of
different sample holders result in different height positions in the -
microscope. The lower the specimen, the smaller is AL and the larger
must be the lens power (current) of the obJective lens. Thus,vafter
appropriate calibrations the values of AL can be corrected for such
factors. The accuracy in d-value determination gained,this way was
better'than:tq.7 percent'for the bestVSpot patterns and betterfthan 1.2

percent for the:remaining cases.

Data Processing

Unfortunately, for many of the minerals uhich.hare beenpreportea=
invmanganese nodules or_in ASTbeile.cards,'only d-Spacinés but not‘
structure is‘giVen so that such ninerals could not‘be,considered:in the
present work. It should be noted that X—ray;analysisfof indinidual‘
particles may not resolve all possible d-values because of intensity
factors and preferred orientation.. Furthermore, in electron diffraction‘

‘spot’ patterns only reflecting planes with zone axesfapproximately parallel
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to the incident electron beam satisfy the Bragg reflecting condition,

'thus:not all pogsibie d spacingécadbe found for_avgiven'partiélg.
Therefore,:a compuéer'p:ogfhmvwas uéed'to comp;te:éll of the d values
larger than 0.9% fgr each mineral for which the'lattice parameters were
available. Tﬂe complete set sf d valuesvwhich wefé'computed and inde#e&
were then stored on computer éards in binary code and could be searched
for a fit Qith thé d values'obsgrved from TEM invéstigations. Appendix

1 éonfains a list of the minérals considered. ASTMifile and a literature
| ~search provided 74 setsiof_crjstal'lét;iée paraméters. Thirty-three
mang#hese éémpounds and éighﬁéen iron compound; wéfe'considered. This

is not an eﬁhéustive table because the numerous cations and anions

available in the ocean might all participate in the mineral formation. 

RESULTS AND DISCUSSION

v_Figures 1 and 2 are typical survgy picfures_of manganeée nodule
powders of pﬁe two different origins. Figure'l shows the érimary
particles of the "deep $cean“ nodule 2P-51, One caﬁ cleariy disﬁinguisﬁ
two types of particleé in these electron micrographs. - Type l_afe very
thin flakelike_particles giving rise to diffractiqﬁ pa;ﬁerns such as
those shqwn in'Figure 3. Type 2 are thick; bulk&lparticles mostly opague
to 100 kV electrons but easier t§ penetrate wifh the high-voltége 650 kV
electroqs, Tﬁe diffraction.patterns could be identified as ﬁontmorillbnite]
(a élay mineral, Appendix.l). This has truly a monoclinic structure
(Appendix 1); but may be considered also as pseudohexagonél (Wenk, 1973),
‘the basal.plane being identical with the plane of the diffraction pattern
and also with the habit plane of the thin clay flakes. From Figures 1

" and 2 it may_be'Seen that the nodule 2pP-51 contaihs considerably more

’
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clay'than.does DWHD-16. To reduce interference from‘clays in the iden-
tification of othér'minerals DWHD—16’was more intensively studied than
2p-51. | o
Figure 2 is from a "sea mount" nodule DWHD—lG'and‘is somewhat different

in appearance although also two populations of particles seem to.occur:
small ones aboutYO.l to 0.3 ym in size and large oneslup to 10 um in size._
These two types of particles will be referred to as type 3 and type. 4,
respectively. It turned out, however, to be difficult, if not impossible,
to identify these particles from their appearance in bright field images
but that detailed and ind1vidua1 particle diffraction analysis would be
necessary. The first observation was that it was usually rather difficult
to obtain crystal spot patternslor even'ring.patterns. Approximately'one-v
half hour was spent.in obtaining each pattern._ This is:not Surprising in
.the l1light of the difficulty of Okada and Shima’ (1969), the complexity of
this natural mineral assemblage, and the extremely small particle sizes
involved invmany cases. However, the high voltagewmicroscope is advanta;
‘geous because of its‘greater‘penetrating power,'and“the smaller Bragg angles
provide a wider range of‘reflections at 650 kv compared to 100 kV._ Seven—
teen spot patterns and ten ring\patterns were'ohserved, All ring patterns
_and ten spot patterns could be identified. (The numerous patterns avail-
able from the clay mineral montmorillonite are not’ counted in this context. )

. The results can be divided into three areas: manganese,minerals, iron |

yminerals, and the interrelationship between the minerals.,

Manganese Compounds

Crystal spot patterns for nine manganese oxide. particles were obtained

'and identified as discussed previously. Most of the compounds 1nvolved
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Appendix 1, are non-cubic and, therefore5 they haVeimany d—values,‘usually
aseveral hundred-whichiare larger than 6.9 X.. These'ere needed in,the -
present case of analysis according to the XL—values of the microsc0pes
used (typically 2 cm-R). As a consequence of the high "density" of d--
values, the rules of vector additicn for the reciprocal lattice points
can be sometimes satisfied even with incorrect indexing. However, a check'
of.interplanarbangles always revealedvfinally whether the analysis was
consistent. | |
| Figures 4 to 8 represent some of the identified'manganese conpound'
crystals with their corresponding spot patterns and-indexing. In 211
cases dark field analysis was used to show the crystal from whieh the
pattern originated,but not all those dark field pictures have been pro-
vided here.. Figures 4’end 8 show examples of such analyses.

In Figure 4_the_so—oalled "rafted fine'structure" of the Na-birnessite
crystal can be seen. This is proBablj the same fine structure as observed
and discussed.earlier by Giovanoli et al. (l970a)_in leboratory—nroduced
Na—birnessite; It iS'interesting that this effect'occurs in the manganese
nodule, too. | |

-With regerd to Figure 7, it may be remarked that the very thin trans-
parent nexagonal platelet, originating the "star—like" diffraction pattern
with its,60-degree symmetry, settled during the preperetion tecnnique
down parallel to the supporting C- film. So did probebly many'others of
that type (and also the clay minerals described, compare Figure 3). 1In.
Figure 7 only the planes parallel to the hexagonal c-axis contribute to
the nattern.. | |

The pattern of Figure 7 can be indexed according to the structure

of s—birnessite (Table I), in this case the observed d—values of 2.484
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‘and 1.43% respectively for the reflections (lOlO) and' (1120) are only

0.8 percent larger than the theoretical d—values.valternatively,”it'

ould be indexed according to the,hexagonal strdcture.of Mn (II)-
manganite (IV) in Table I, but in the’ latter case. the agreement with the
theoretical d values ‘was 1. 5 percer.t too small. Thus it was concluded '
that.s—birnessite was the more probable structure. :-

The results~of.thegsolved Mn-compoundhcrystal'patterns are:sunmarized
in Table III; Appendix 2 provides a list‘of the unsolved diffractionn
patterns. The‘angle given is theione between the]two'shortest vectors
from the origin and'the lowest order Spots, these vectorS‘corresponding
to the two.largest d-values. These three parameters determire the whole
pattern. The observed d-values were within 1 percent in agreement with
the theoretical values* as derived from the structure data (Table-I),:and-
the measured,angles were within 1.0 degree_of the_calculated angles.

In the case of thelpattern Figure 8c (insert),vone can’observe weak
spots between the strong spots (which;are'indexed'in figure 8d). These
additional weak spots give some hint to the possibility of a super-lattice‘
occurring in the hydrohausmannite since the weak spots otherwise do not
fit the regular hydrohausmannite structure. >0n~the:other hand, the ideal
fitting of the d-value'ratios trom the strOng spotsiand the good.fit.of
the angles gaVe strong evidence for the correctness of the solution.‘

It is not pos31ble to be quantitative about the relative amounts of

.the minerals identified in Table III. In*other words, the result of this
table may be related not to the relative abundance but to the more crystal-
1ine'nature of‘some phases. In addition, only relatively large crystals ’

(>1l/4 um) produced spot patterns. It was not possible_to obtain-diffractiOn

(with the exception of the hydrohausmannite, 2. 5 percent larger than in
.Appendix 1) : . :
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“patterns from most of the particles‘observed.; None the less, the occur—
gence of six out‘ofinine Na—birnessite'patterns proBably means it is the
most prevalentjmanganese minerallin these nodular samples.
Further examination by high voltage electron microscopy will, of

course, facilltate analysis of the denser particles.

"Iron Compounds

A synthetic ferric hydroxide, Fe(OH)3, was prepared by the method
of Hrynkiewicz et al. (1970) and not allowed to dry.out;. Using‘the samev‘
~electron microscopic'preparation methods as already‘described, figures
such as Figure 9vwere obtained, with typical diffraction ring patterns,
as shown in Figure 10, consisting of three_clearly:visible rings; Some
dehydration, hoWever, must occur during examination in the vacuum ofvthe

-fiicroscope. The same rings were observed in many samples of nodule powder

DWHD-16, as e.g. shown in Figure 11. Here the rings were more or less
sharp, and their‘d-Values'were identical to'those from the synthetic iron
hydroxides 1. ring 2.5 - 2.6 X, 2. ring 2.1 - 2.'21-&,: 3. ring 1.5 X, 1t
is reassuring to note that these d-values correspond'exactlp with the
most intense 1ines from van der G1essen (1966 Table 2), and also. with
the powder diffractometer X-~-ray work of ASTM card 22—346 for: Fe(OH)3,
based on data of Okamoto (1968)
The diffuseness (broadening) of the rings as’ in Figure ll indicates i
that a small particle size crystal is responsible for these rings. From
" the high resolution nright field image, Eigure ll,-the size of'the‘tiny'

primary particles may be taken as 30 - 60 k. Quite often the single

" — . | _ :

. Note, that the relative intensities of the three rings (311), (400) and
(440) are not the same in Figures 10 and 11; the 1. ring in Figure 11 is
particularly strong. : ,
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particles are seen clearly,veSpecially in dark field images such as
Figure 12b and c. It is interesting that dark fieldvimages'taken'in

different sections of the diffuse rings indeed cause different particles

to brighten up, as is expected (the small white spots in the upper 1eft v
parts of Figure 12b, c). | |
While most of the material consists of the very small Fe(OH)3 parti- :
cles, as discussed before, in some areas considerably larger particles of-
the same kind are found ‘For example, in Figure 13 crystals 100 450 }
in diameter are seen. The particles are densely agglomerated in clusters
in -this case. Again, different particles become bright in different arc
sections of the rings. i |
| Several attempts were made to obtain spot patternsvof Fe(OH)3 rather
than the rings so. that a lattice structure might be indicated However,
E they were unsuccessful which is not'surprising in light of the small
particle size. Mossbauer spectra have indicated an average particle
size of abOut 100 K (Johnson and Glasby, 1969) Ihe,present results are -
in'agreement with;the-above statement, showing moreover that there'is
-ohviously.a-large range of'sizesg - B .h
,pyin conclusion, it may be observed in the_last‘figures,vthat the

ferric hydroxide is present in‘practicallyfall‘portions ofithe;powder»

material'_xThe'much larger manganese mineral cryStals seem to beuembedded'
,in this general mass of ferric hydroxide and only occasionally do they
occur as isolated particles._ However,'this result may depend-on the
preparation technique since it is likely that the iron hydrox1de particlesh
produced in the ultrasonic treatment may ‘have coated the manganese oxide
.\particles hy heterocoagulation. o

Only in,one case a diffraction pattern'of’an iron mineral other‘v
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~ than Fe(OH)3 was obtained namely of Y—Fe203,‘see Table IIL.

Examination of the prepared samples by scanning electron microscopy :
and microprobe analys1s utilizing the Fe—K and Mn—K X—ray pictures
confirmed that both elements, Mn and Fe are practically present every-

vhere in the samples.

'SUMMARY AND CONCLUSTIONS

Transmission electron microscopy methods were'utilized-for detailed
study and identification of individual mineral partic1es in manganese
nodules. In an intensive study of two different manganese nodule samples,
ten crystal diffraction spot patterns were 1dentified, six as sodium
birnessite and one each of todorokite, s—birnessite; and hydrohausmanite,
and y-Fez03. Three diffuse Debye-Scherrer rings (d = 2.5;'2.1, 1,5&) in
both synthetic ferric hydroxide‘and in the manganese nodules; indicate
the ferric hydroxide is the mainbiron mineral in these samples of manga-
nese nodulesi The typical particle size of thevobserved ferric hydroxide
‘ranges of 30 to.6OR, but in some cases, larger particles 100 to 450% in
diameter were_observed in clusters. Submicron manganese particles were
generally embedded in_a mass of smaller ferric hydroxide particles, but
this phenomenon may have resulted from the preparation technique.' Con-
siderable montmorillonite'exists_within these nodule samples,.particularly
the deep-ocean nodule 2P-51. |
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APPENDIX 1

No. Miueral ASTM File No. “‘Structure
‘ "or ‘Reference
Manganese Compounds '
1. Synthetic Birnessite Giovanoli hex. a=2.84, ¢=7.22
| et.al. (1970b)
2, Na-Birnessite ~Giovanoli ortho. a=8.54, b=15.39,
_ ' - - et.al. (1970a) . c=14.26
3. Mn(II) Manganite 18-802 hex. a=5.82, c=14.62
-4, Todorokite 13-164 ‘ortho. a=9. 75 b=2. 849
S T o c=9.59
5. Hydrohausmannite . Frondel (1953) tet. a=5.79, ¢c=9.49
6. Pyrolusite 12-716 tet. a=4.42, c=2.87
. 7. .Ramsdellite 7-222 ortho. a=4.533, b=9.27,
_ e c=2.866
8. n"-Mn02 ~ Gattow and ortho. a=4.364, b=9.283,
_ Glemser (1961) . c=2.841 ‘
.§. Cryptomelane " . Buser and tet. a=9. 82, c~2 86
, ‘Graf (1955) -
10, E—Mn02 Gattow and ortho. a=7.63, b=7.79,
Glemser (1961) c=9,32
11. Hausmannite 16~154 tet. a=5.76, c=9.44
" 12. Woodruffite 16-338 " tet. a=8.42, c=9.28
13. Groutite 12-733 - ortho. a=4.56, b=10.70,
o : : , . ¢=2.85
14. vy-MnO(OH) Glovanoli and ortho. a=4.43, b=10.48,
: o Levenberger (1969) ‘ c=2,.85
15. Nsutite 17-510 “hex. a=9.65, c=4. 43
16. y-an s - 18-803 tet. a 5.78, c=9.33
17, 5 8 18-801 - . mom. a=10.34, b=5.72,
| | . c=4.85, B=109.4°
18. . Feitknechtite . 18-804 - hex., a=3.1, c=4.62
19. Manganoxide . 16-350 ortho. a=5.801, b=6.356,
. - - o e=9.742
20. Manjiroite .21-1153 tet. a=9.916, c=2.864
21. Todorokite , 18-1411 ortho. a=9.65, b=10.29,c=2.84
22. Ramsdellite '11-55 - ortho. a=4.518, b=9.269,
' : ' . c=2.86 _ :
23. Cryptomelane 12-706 : tet. a=9.84, c=2.87
- 24, Pyrochroite == ' 12-696 - hex. a=3.315, ¢=4.720
25. Mn304 v S . 13-162 - cubic; a=8.42
26. Mn203 o 10-69 ' cubic; a=9.411
27. MnO1 88 , 5-673 » ~ tet. a=6.97, c=7.12
28. MnO, ,oH.0, 15 ' 2-829 tet. a=5.78, c=9.43 |



29.
30.

31.

32‘

33;

34,
35.
36.
37.

38.
“39.

40.
41,
42.

43,

44.
: 45.
46.
47.
48,
] 49.
50,

51,

52,
53.
54.
55.
56.
57.
58.
59,

MnFe_0

(v, M“>4 12728 8Hy0

Elisabetinskite (Cq,Mn) 0(OH)

Crednerite CuMnO2

Fe_Mg MnOS(OH)z'
Ramsdellite

Iron COmpéunds

Fe(OH)3

' Goetnite

G—FeO(OH)fv
Green rust
B-FeO (OH)
$-Feg Mny,

§-Fe 700 33
FeO (OH)

0(OH)
;0 (0H)

Ferritin core

CoFe(III) oxide CoO Fe203

Hematite
Magnetite

Y-Fe 04

‘Y-Fe202 d20

§-FeO(OH) -
Bixbyite (Mn,Fe) 2O3
C02F83

274

Nickel Coﬁpounds'

Nio

—NiO(OH)
Ni,0,(0H),
YNiO(OH) _
4 N1(OH) ,-N10(OH)
Nickel (III) oxide
Ni 0 (OH)4

N1 (OH),

)

14-623

- 4-95

12-647

- 15-125

CioVanoii
et.al (1967)

22-346

17-536

13-87

13-92

. 13-157

14-557

14-558
18-639

22-353
©3-864

13-534
11-614

- 15-615

8-98

13-518

8-10

1-1121
10-319

4-835
-6-141

6-144

6-75
6-44

14-481

113-229

14117

-

dw

hex. a=6. 931,

~ hex. a=3.04,

hex. a=3.07,

_hex. a=4.61,
;ortho. a=4, 81

f’he#. a=8.4, c=10.1 )
,oztho a=3.725, b=12,38,

©=9,455

" mon. a=5.53°, »=2.884,

c=5,.898, B=104. 6°
e=14.55

ortho. a=4.,44, b=9,351,
c=2.849

- cubic a=8.37
"ortho a=4.596, b=9. 957

c=3.021

~hex. a=2.941, c=4. 49

~ hex. a=3.17, c=10.9
tet. a=10.48, c=3.023

- hex. a=2,905, c=4.555

hex. 2=2.97, c=4.565

ortho. a=10.70, b=9.80,
c=2.964 '

 hex. a=11.79, ¢=9.90
* cublc; a=8.33 -

hex. a= 5.032, c=13. 737

cubic a=8§. 3963
tet. a=8,33, c—24 99

‘ortho. a=3.88, b= 12 S&,

' c=3 07

" hex. a=2.941, c=4.49

cubic{'aé9;384 L

'éubic; a=8.39 :
_cubic; ;=8.499¥

’.cubicg a=4.1769

hex. a=2.81, c=4.84
c=14.6
c=20.65
c=23.2

c=5.6l
b=3.00,

hex. a=2.82,

c=4.65

' héx; a=3.126, c=4.605



60.
61.

62.
63.

64.
65.

66.

67.
68.
69.
70.
71.
" 72,

73,
7% .

- Co
Co(OH)z.

Ni0 Mn_O

23
NanO3

Coppericompounds
Ni0-CuO
Cu0

Cu20

Cu(OH)2

Cu(II,I) oxide

Cobalt Compounds

00203

20

4 .
B-Co(OH)2
Cq(OH)2
Co0

- S841icon Comﬁounds

Phillipsite

Montmorillonite

-18--

' 31-1110
12-269

6-720
5-661
 5-667
13-420

3-879

2-770
 9-418
2-913
- 2-1094
7-169.
9-402

" Wenk (1973)

12-204

cubie; a58,41- J
'hex. a=4,905, c=13.59

tet. a=4.121, c=4,355 -
mon. a=h.684, b=3.425,
¢=5.129, B=99.28

_cubic; a=4.2696
" ortho. a=2.949, b=10.59,

. ¢=5.256
tet. a=5.83, c=9.88

" hex. a=4.64, Cé5.75

~ cubic; a=8.084

~ hex. a=3.179, c=4,649
‘hex. a=3.19, c=4.66

hex. a=2.855, c=13.156

, cubic; a=4.,260

mon. a=10.02, b=14.28,

c=8.64, B=125°40"

~ mon. a=5.17, b=9.01,

c=13.0, 8~00°?
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APPENDIX

2

List of 7 diffraction spot patterns;.whichléould not be solved in

agreement with the structures from appendix A.l1l.

The given two d-values and thé~angle define_the‘pattern, compare

.angles,

the explanation to Table II - Accuracy’is>tiz for d_vaideS‘and #}° for

-‘i. d-vaiue 2. d—vélue ' #gglgl
4,46 2.61 90°
3.77 3.39 s
4.25 3.3 P
2.83 1.80 - 95°
7.18 3.83 s8°
8.2 7.2 75
8.03 642 o4
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TABLE I;» Main Manganese Oxides Found in Mhngénese_Nodules‘

Name used in

Equivalent or .

‘Reference

‘this work earlier nancs St’“Ct“r?
s-birnessite or _ N .
synthetic birnessite 6-Mn04 " hexagonal Giovanoli,etial,
(Mn III manganite IV)| 7 A manganite | a=2.84,c=7.22 | (1970)b ASTM™
(40,0, 375 H,0) - IR -
Sodium birueééite 7 A manganite orthorhombié Giovanoii éc.él.
(Na,Mn_,0__+9H_0) o : | a=8.54,b=15.39| (1970)a ASTM*
4 1427 T2 : _ ) M

o €=14.26 . - :

Manganous.manganité birnessite hexagonal'- Buser et.al. (1954)

(Mn II manganite IV)

§-Mn0, (1965)

a=5.82,c=14.62

Bricker, ASTM

(4un02,un(on)2;2H20) : - 18-802 (1965)

Todorokite "Buserite" orthorhombic | Straczek et.al.

(MeMn O, . +3H,0) 10A manganite | a=9.75,b=2.849| (1960) ASTM
61272 i ; o p13-1es

v.cs9.59

. Proposed structures submitted to ASTM.
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TABLE II. .Description of the two nodule °
samples used in this investigation.

. Analysis (weight, percent)

_ Depth :
Nodule (meters) ° Longitude ‘vatidude ' 'Mn 'Fe ~Co  Ni Cu
2p-51 4900~ 145°56'W. 9°52'S. 16.8  12.5 0.2 0.6 0.4
 DWHD-16 1270 145°33'W.  16°29'S.  24.5 11.5  1.15 0.7 0.25
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TABLE III. SolVed Diffraction Patterns

Structure l. Observed .  Fig; Obs.'l. aﬁd 2. d-value Anglef 
v o

Na-birnessite - 6 times 4 | 3.74 (220) 1.96 (117) 82°

| (all 4n | 5 | 2.79 (30I)  2.245(244) = 68°

DWED-16) | ¢ | 2.60 (312) 2.261(325) 98°

| - | 7.33 @Gon) 3.18 (133) -~ 89°

- | 2.485(322) . 1.853(137) 90°

o | =" | 2,27 (350)  2.23 (244)  86°

s-birnessite. | omce | 7 2,48 (100) . 1.43 (110) ~ 30°

| pwp-16 S .

Todorokite = | once | - 2.657(302) - 2.37 (112) 85°

. ‘ .pwD-16 | | .

" Hydrohausmannite once 8 | 3.19 (112) ;]2;97 (200). ‘58°
- - 2P-51 - - [ -

y-Fe,0,° ‘ . once - | | 2.79 (009) - 1.96 (331) 85°
' ' . 2P-51 B o RN
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'FIGURE CAPTIONS

Figure 1. Typical appearance of nodule powder 2P 51 The number 2
designates a type 2 partlcle.,

Figure 2, Iypical appearance of nodule powder DWHD-16. The numbers 3
- and 4 designate type  and type 4 particles.

Figure 3. Diffraction pattern of montmorillonite (clay). Practically
all the flakelike clay settled down parallel to the supporting
carbon film and resulted therefore always in the same dif-
fraction pattern as this one. The weak rings through the’
spots are probably produced by tiny fragments of the same
mineral.

Figure 4. Crystal in nodule powder DWHD-16 showing "rafted" fine struc-
ture (compare Giovanoli (1970)). Diffraction pattern identical
-with Na-birnessite. 650 kV, 18000x. Dark field image 4b
taken in the strongest reflection of the dlffractlon pattern
be close to the prlmary beam.

Figure 5. Crystal (circle) typical of the many small particles "type 3"
in Figure 2 from nodule powder DWHD-16. Diffraction pattern
identical with Na-birnessite (Table I). 20000x; 100kv.

Figure 6. Crystal in nodule powder DWHD-16. Diffraction pattern ident1ca1
' with Na-birnessite. 650 kv, 18000x. ,

Figure 7. Crystal (middle of image) in nodule powder DWHD-16. Diffraction
: _pattern identical with s-birnessite (Table I). 20000x, 100 kV.
The thin crystal is with its hexagonal basal plane parallel to
. the supporting c~films. ' .

Figure 8. Crystal in nodule powder 2P-51 identified as hydrohausmannite

: -(Table I). Bright field image Figure 8a (20000x), 100kV.
Dark field image 8b was taken with (112), dark field image
8c with (I12) reflection. Figure 8d: Schematic diffraction.
pattern magnified from pattern insert 1n 8c.-

' Flgure 9. Ferric hydroxide'synthetically prepared.' 100kv, 20000x .
Figure 10. Diffraction pattern from area similar as shown in Figure 9.

Figure 11, High-resolution bright field image of nodule DWHD-16, 1nd1-
cating the small ferric hydroxide particles of 30-60 &
diameter. 650 kV, :
Insert: Diffraction pattern of corresponding area, show1ng
the same 3 diffuse rings as synthetlc ferric hydroxide.

Figure 12a. Bright field image of ferric hydrox1de in nodule DWHD-16,
producing the same Debye-Scherrer rings as shown in Figure
11 (inset). 12b and 12c are dark field images taken in



.
different arc sections of the rings by the same method as
in Figure 13. 100 kV, 1800Q0x.

'Figure 13. Bright field and corresponding dark-field images of the
largest ferric hydroxide particles observed (100-450 L.
In 13b only those particles become bright which diffract
into the corresponding arc section of the Debye-Scherrer
rings covered by the objective aperture as seen from 13d.
(Location of objective aperture indicated by double exposure.)
Figure 13c and e corrzspondingly. 650 kV, 65000x.
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Fig. 5 XBE 733-2364
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Fig. 6

XBB 733-2368

Fig. 7
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XBB 733-2369
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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