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Abstract: The examined ferromanganese-oxide, -carbonate and phosphate-
-rich nodules reveal pronounced differences in mineral and chemical composition,
structure and origin. They may be classified as follows: 1 — small, goethite-todoro-
kite-birnessite nodules of compact structure; 2 — large goethitetpyrolusite and he-
matite nodules of cellular structure, secondary after oligonite ones; 3 — large oligo-
nite, Ca-rhodochrosite or mixed nodules of compact structure; 4 — small and lar-
ge francolit? or francolite-rhodochrosite nodules of compact structure, Trace element
contents are rather low and there is no significant correlation between major, mi-
nor and trace elements (excluding Al/Cr and inconspicuous Fe/Cu interdependence).

INTRODUCTION

The hydrous ferromangamese-oxide, -carbonate and phosphate-rich
nodules are not uncommon in the Flysch deposits of the Polish Caspath-
ians. They have been reported or evidenced from different stratigraph-
ic positions and tectonic units.

Whereas ferromamganese-oxide nodules mever occur in stratiform ac-
cumulations, manganese and iron carbomates were also moticed as thin
layers, e.g., of rhodochrosite composition, partly oxidized, 4 — 10 cm
thick, in Eocene Variegated Shales of Magura Flysch N of Lachowice
(Ksigzkiewicz, 1958). Much more numerous and of highly varying age
are examples of stratiform occurrence of siderite and of compositionally
related carbonates, as recorded by Narebski (1956, 1957). '
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Phosphate minerals, on the other hand were, mearly exclusively,
observed in the concretionary form and only in Upper Cretaceous marls
(Narebski, 1958, 1960 and Jasionowicz et al., 1959). They occur as nodu-
les of simple, or much more frequently, of mixed composition, someti-
mes exhibiting gradual transitions to truly ferromanganese mnodules.
Stratiform phosphate accumulations with much lower P,O; content ap-
pear only occasionally in the Carpatian Flysch (Kamieniski and Skoczy-
las-Ciszewska, 1955).

Except for carbomate and phosphate modules no attempt was made
to determine the chemical and mineral compositions of ferromangamese
-oxide nodules of the Carpathian Flysch. The highly advanced state of
knowledge of ,recent” ferromanganese nodules, including, the until mow
much mneglected carbonate omes, stimulates improvement of this situa-
tion. Another reason is the general scantiness of data concerning ferro-
manganese nodules generated in the geological past. Taking into account
the ageing phenomena postulated even among the ,recent” mangamnese
minerals of nodules, the theoretical significance of chemical and minernal
composition, as well as, of the mode of formation of Cretaceous and Pa-
lacogene modules of Carpathian Flysch ds not without importance.

MATERIALS AND METHODS

The investigated material is consisted of samples from the collection
of Prof. dr M. Ksigzkiewicz, which were kindly transferred for exami-
nation. It embraces the samples collected during mapping of Flysch de-
posits and is supplemented with notices refering to location and inclu-
ding their stratigraphic and tectonic position (see Fig. 1). The samples
with manganese content lower than 2 percent were excluded from fur-
ther work, except in the phosphoria-rich nodules.

The following list of samples with preserved mumeration and provi-
ded with localization and some additional data, was established basing
on the chemical composition.

A. Hydrous ferromanganese-oxide nodules:

2. Harbutowice, near Sutkowice. Small (up to 6 cm in () nodule of
irregular shape and colummar (extermal part) and earthy (internal part)
structure, found in green shales corresponding to the Lgota Beds (Al-
bian), upper part, Sub-Silesian nappe (?).

6. Ostrosza, mear Ciezkowice. Nodules up to 10 ecm in @, irregularly
shaped, with a dense and hard crust to. an almost powdery and cellular
interior. They occur in green shales forming intercalation in Cigzkowice
Sandstone (Lower Eocene), Silesian nappe.

7. Tarnawa Goérma, to S of Kozle Mt. Discoidal, up to 7 em in Q,
nodule is of compact structure, except for small internal cavities occur-
ring in Variegated Shales (Palaeocene) ? (-Lower Eocene), Silesian nap-
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pe. The Variegated Shales occur in the core of an anticline flanked -on
either side by the Oligocene Krosno Beds.

9. Lachowice, Mocznanka Creek. Irregularly shaped, up to 10 cm in
@ nodule of cellular structure (see Pl. 111, Fig. 1), from the Lower Va-
riegated Shales (Lower Eocene), Magura mappe.

15. Lachowice. Data as for Lachowice mo. 9. See also Pl. III, Fig. 2.

23. Tarnawa Dolna. Small {up. to 5 cm in @), compact nodules from
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Fig. 1. Sketch-map of the examined occurrences of ferromanganese and phosphate-
-rich concretions in the Polish Western Carpathians (after M. Ksigzkiewicz)., a —
Miocene; b — Skole nappe; ¢ — Sub-Silesian nappe; d — Silesian nappe; e — Gry-
bow nappe; £ — Magura nappe; g — Pieniny Klippen zone; h — Podhale Flysch;
i — Units of the Tatra massif; j — sites of occurrence denoted by numbers: 1 —
Slemien; 2 — Lachowice; 3 — Tarnawa Goérna; 4 — Tarnawa Dolna; 5 — Lgota;
6 — Debrowka; 7 — Zembrzyce; 8 — Dzialek Mt., Stronie; 9 — Lanckorona; 10 —
Jastrzebia; 11 — Harbutowice; 12 — Bukowiec Mt., Rudnik; 13 — Ostrosza

Fig. 1. Mapka rozmieszczenia zbadanych wystgpien konkrecji zelazomanganowych
i wzbogaconych w fosforany w Karpatach Zachodnich (wedlug M. Ksigzkiewicza).
a — miocen; b — ptaszczowina skolska; ¢ — plaszezowina podslaska; d — plaszozo-
wina $§laska; e — plaszczowina grybowska; f — plaszczowina magurska; g — pie-
ninski pas skaltkowy; h — flisz podhalanski; i — jednostki masywu Tatr; j — miej-
sca wystepowania oznaczone numerami: 1 — Slemien; 2 — Lachowice; 3 — Tar-
nawa GoOrna; 4 — Tarnawa Dolna; 5 — Lgota; 6 — Dabréwka; 7 — Zembrzyce,
8 — goéra Dzialek; Stronie; 9 — Lanckorona; 10 — Jastrzebia; 11 — Harbutowice;
12 — goéra Bukowiec, Rudnik; 13 — Ostirésza
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the lower part of the Upper Variegated Shales (Lower Eocene, upper
part), Magura nappe.

B. Phosphate-rich nodules:

22. Dabréowka, near Skawce. Irregularly shaped, small (up to 5 cm
in @) and compact nodules occurring in the Variegated Shales (Lower
Eocene), Silesian nappe.

25. Dabrowka, mear Skawce. Ellipsoidal, large (up to 10 em in Q)
and dense nodule from Hieroglyphic Beds ,Middle Eocene), Silesian
nappe.

28. Tarnawa Goérna, to S of Kozle Mt. Discoidal, small (up. to 4 cm in
), black nodule with crust. Found in the Variegated Shales (Palaeoce-
ne (?) — Lower Eocene), Silesian nappe, see Tarnawa Gérna no. 7.

29. Tarnawa Dolna. Nodules of irregular shape, large (up to 10 cm
in @), with inconspicuously cellular structure. From Upper Variegated
Shales (Lower Eocene, upper part), Magura nappe.

C. Ferromanganese-carbonate nodules:

13. Dzialek, to S of Stronie. Ochreous, irregularly shaped and cru-
stified material with compact to earthy structure in the core. It forms
.a thin layer (stratiform concretion?) in Menilite Shales (Eo-Oligocene),
Silesian mappe. 13b and 13c. Crust and core (resp.) of sample mno. 13.

16. Zembrzyce. Ash-grey, regularly ellipsoidal lange (up to 12 cm
in ) module of very dense structure and conchoidal fracture. From
the Upper Variegated Shales (Lower-Middle Eocene), Magura nappe.

17. Lgota. Inhomogenous material of brecciated stnucture comstitu-
ting a thin layer (up to 6 cm thick) in Verovice Beds (Barremian-Ap-
tian), Silesian nappe.

18. Lachowice, Mocznanka Creek. Flattened concretions, up to 15
cm in ), crustified, with dense structure. They occur in the Lower Va-

—

Fig. 2. X-ray powder diagrams of selected specimens of studied nodules. Given spa-
cings and intensities of most peculiar lines of essential minerals in the following
sequence: 1 — Ostrdsza 6; internal — yellow part; 2 — Ostrésza 6, red — middle
part; 3 — Ostrosza 6, black — external part; 4 — Tarnawa Goérna 7; 5 — Lacho-
wice 15, internal part; 6 — Lachowice 15, peripheral part; 7 — Tarnawa Dolna 23,
crust; 8 — Tarnawa Dolna 23, peripheral part; 9 — Dzialek 13¢, internal part; 10 —
Dzialek 13c¢, peripheral part; 11 — Dzialek 13b, crust; 12 — Dgbrowka 22; 13 —
Dabrowka 23. The letters denote the following mineral species: B — birnessite,
Ca-r .— Ca-rhodochrosite, F — francolite, G — goethite, H — hematite, O — oli-
gonite, P — pyrolusite, R — rhodochrosite, T — todorokite

Fig. 2. Diagramy rentgenograficzne, proszkowe z wybranych okazéw badanych kon-
krecji. Podano odstepy sieciowe i intensywno$ci najbardziej osobiliwych linii gtow-
aych mineratow, w nastepujgcej kolejnosci: 1 — Ostrosza 6, wewnetrzna czes¢ —
z6ta; 2 — Ostrosza 6, Srodkowa czeS§é — czerwona; 3 — Ostrosza 6, zewnetrzna
czes¢ — czarna; 4 — Tarnawa Goérna 7; 5 — Lachowice 15, cze$¢ wewnetrzna; 6 —
Lachowice 15, cze$¢ peryferyczna; 7 — Tarnawa Dolna 23, skorupa; 8 — Tarnawa
Dolna 23, cze$¢ peryferyczna; 9 — Dzialek 13c, czes¢é wewnetrzna; 10 — Dzialek
13c, czesé peryferyczna; 11 — Dziatek 13b, skorupa; 12 — Dgbréwka 22; 13 — Dab-
roéwka 25. Litery oznaczaja nastepujace rodzaje mineraléw: B — birhessyt, Ca-r —
Ca-rodochrozyt, F — frankolit, G — goethyt, H — hematyt, O — oligonit, P — pi-
roluzyt, R — rodochrozyt, T — todorokit
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riegated Shales (Lower Eocene), Magura mappe. 18a, 18b, and 18c repre-
sent wall rock, crust and core of the former samples, respectively.

19. Jastrzebia, mear Izdebnik. Rather small (up to 7 c¢m in @),
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mushroom cap-shaped, crustified nodules of dense, zoned structure. -In
the Lower Godula Beds (Cenomanian-Turonian), Silesian mappe.

20. Bukowiec Mt., near Rudnik. Irregularly shaped, large {(up to 11
cm in @), dense, crustified concretions or nests in the Upper Godula
Beds (Lower Semonian), Silesian nappe.

21. Slemien, to E of Grodzisko. Crustified, discoidal module, up to
13 ecm of @, is of very dense structure amd conchoidal fracture. Hiero-
glyphic Beds (Middle Eocene), Magura nappe. "

30. Harbutowice. Irregularly shaped, up to 9 cm in ¢, modules of
phanerocrystalline, compact structure. Grey with brown margins, they
occur in dark-green shales (Albian), Sub-Silesian nappe.

The amalitycal methods applied for the establishment of chemical
composition comprised wet chemical analyses of major and minor ele-
ments, as well as, colorimetrical determinations of important trace ele-
ments (Cu, Co, Ni, Zn, Cr), supplemented by spectrographic semi-quan-
titative evaluations of other element contents. For the mineralogical
identification X-ray diffractometnic (Rigaku-Denki apparatus), differen-
tial thermal, infrared spectrophotometric ((Zeiss UR—10 ap.) and electron
microprobe X-ray analysis (MS—46 Cameca ap.) were used, They were
supported by scanning electron (under S4—10 Stereoscan) and microsco-
pe in transmitted and reflected light observations.

MINERALOGY OF NODULES

In deciphering the mature of ferromamganese modules of comsiderable
value are microscopic observations of structural and textural patterns
supplemented by X-ray mineral determinations of each single feature
of texture or structure. However, those optimal investigations could not
always be attainable due t0 much smaller than desired measures of the-
se features or to subrentgenographic degree of crystallinity of mineral
components. Electron-microprobe analyses fill this gap to some extent
by giving valuable information on chemical compositions of microareas.
The incomplete state of knowledge of the present mineral phases, espe-
cially of those largely composed of manganese oxides, renders impossi-
ble adequate mineralogical diagnostics of whole cross-sections of the mo-
dules. Also the softness of fragile modules makes further observations
of mineral constituents on poorly polished sections of little value. Follo-
wing the formenly accepted chemical classification and sequence, the
descriptional part begins with the study of predominantly hydrous and
oxidic ferromanganese nodules.

A.Hydrous ferromamgamnese-axide nodules. They
may be subdivided into five varieties according to their structural and
compositional features.
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The first variety, comprising Harbutowice 2 sample, has an irregu-
lar shape and shows compact and colummar structure in the brownish
black outer part and powdery to earthy structure and yellowish brown
hue in the core. In both modifications peculiar lines of X-ray patterns
infer the presence of goethite alone, as in the yellow part of the Ostro-
sza 6 module (Fig. 2,1). On the other hand, DTA graph (Fig. 4) of the

Fig. 4. DTA graphs of ferromanganese-

-oxide and -carbonate nodules. Recorded

numerals follow the numeration of sam-
ples adopted in text

Fig. 4. Wykresy DTA dla zelazomangano-

wych konkrecji tlenkowych i weglano-

.i wych. Podanecyfry sg zgodne z numeracjg
: probek przyjeta w tekécie

whole sample demonstrates endothermic reactioms in the range of 640—
650° and 960—970°C, diagnostic for pyrolusite (Kulp and Perfetti, 1950;
Ljunggren, 1960), in addition to goethite, endothermic reactions prove
a large content of adsorbed water (hydrogcethite). The secondary nature
of this module is quite probabile.

The second variety, represented by indisputably seccndary modules,
embraces the samples from Lachowice 9 and 15. They are distinguished
by cellular structure (see Pl. III, Fig. 1 and 2). The cell walls of these
large and irregularly shaped nodules consist of symmetrically distribu-
ted zones of pyrolusite * goethite (Fig. 2,5), hematite -} geothite (Fig.
2, like 2), and goethite (Fig. 2,6), well discermable due to different refle-
ctivity on polished sectioms. They originated from metasomatic veinlets
connected with contractional fractures in formerly carbonate (oligonite)
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nodules, as shown in Fig. 1, Pl. I. During the second stage of alteration,
the carbonate leaching processes predominated over oxide deposition,
leading to the formation of cell walls. In the last stage, the interiors of
the cells became partly filled with hydrogoethite and pyrolusite (detec-
table only by DTA techniques, Fig. 4), taking the shape of colloform
aggregates with botryoidal surfaces.

Fig. 5. DTA graphs of phosphate-rich fer-
romanganese nodules. Numerals of sam-
ples as in text

Fig. 5. Wykresy DTA dla bogatych w fo- L L
sforany konkrecji zelazomanganowych. Cy- 100 300 500 700 300 1000°c
fry dla prébek jak w tekscie

The third variety, represented only by samples from Ostrésza (6),
displays some similarity marks to the former and following wvarieties.
The samples exhibit a conspicuous zonal distribution of minerals and
cavernous structure with cavities of quite small dimensions and with-
out secondary infillings. Mineralogically they differ in comperison with
the Lachowice 9 and 15 samples by the appearance of ,manganous man-
ganite” minerals, like todorokite and rarer birnessite. These two mine-
rals with abundant goethite and scarce hematite are the essential mine-
ral phases composing the brownish black, thick and compact, marginal
parts of modules, as evidenced in bar diagram (Fig. 2,3) and DTA graph
(Fig. 4). The middle, red part distinguishes chiefly earthy or powdery
hematite with subordinate goethite (Fig. 2,2), while the inmermost, yel-
low part is momomineralic with powdery hydrogoethite as the only mi-
neral constituent (Fig. 2,1). The scanming electron micrographs (Fig. 3—
6, Pl. IV) revealed that todorokite shows a fibrous habit of crystallites,
judging from well developed fibers, straight or slightly curved, disper-
sed or forming clusters on the fracture surfaces in the extermal part of
nodules. Fibrous and soft todorokite, partly due to difficulties in obtain-
ing good polished sections, show poor reflectivity, signs of anisotropism
and wavy extinction when observed by means of polarizing microscope.
The same habit of crystallites seems to exhibit another MmO, — rich
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mineral — (birmessite (see Jones and Milne, 1956) the formula of which
is: {Nag.; Cag.3) Mn;Oy . 2.8H,0. This mineral forms interstitial matrix
showing much poorer crystallinity.

The fourth variety, the most abundant, kmown from Tarnawa Gorna
7 and Tarnawa Dolna 23 occurrences, distinguished by its almost black
colour, compact structure and its occasionally present, small contractional
cavities. The nodules from the first locality, as evidenced diagram-
matically in Fig. 2,4 belong to the simple association of todorokite, in-
significantly prevailing over goethite. The distribution of these mine-
ral phases is concentrically zonal. The marginal part, representing to-
dorokite and goethite assemblage, shows a specific distribution of major
and minor elements as indicated by electron microprobe X-ray scans
(Fig. 3). The much advanced Ca, Ba and K substitution in , manganous
manganite’” phase interlayers, mormally attributed to the low steric re-
quirements (high lattice tolerance) of this phase, is well demonstrated.
The DTA curve displays, as in Ostrésza 6 sample, endothermic peaks mo-
re comparable with those recorded by Straczek et al. (1960) than by
Ljunggren (1960). In addition to the two goethite peaks in the range
100—150° and 250—300°C, three endothermic reactions connected with
dehydration, breakdown into MnyO; and MngO, may be traced at tem-
perature ranges 200—230°, 660—680° and 980—990°C. The last mentio-
ned two peaks are situated at a little higher temperatures than those of
pyrolusite and correspond to reported by Frondel et al. (1960) for todo-
rokite. The X-ray data for this mineral tabulated in Table la are well
comparable with those obtained for samples from Ostrosza 6 and Tar-
nawa Dolna 23, as well as, with those published by above mentioned
authors. Taking into account the bimineralic association in the analyzed
Tarnawa Goérna 7 nodule (see Table 2a) the following approximate cry-
stallochemical formula of todorokite may be calculated after elimination
of quartz, clay mineral and goethite admixtures and taking into account
the results of spectrographic determinations of Ba and Sr:

(Cao.20Na0.08K0.07Bao.03Sr0.0sMn2%,) (Mnj 5,Mn2t Mgo.18)5.79012.3H20

This formula is in good agreement with those reported by Frondel et
al. (1960) and Straczek et al. (1960):

(Mn2+, Mg, Ca, Ba, K, Na); Mni*O12.3H:0

and (Ca, Na, Mn2+, K) (Mn4+, Mn?+, Mg)eO12.3H20, wespectively.

The fifth variety was detected among samples from Tarmawa Dolna
23. Except representatives of the fourth variety there are available no-
dules which contain goethite with todorokite, the more oxidized birnes-
site and non-oxidized oligonite and Ca-rhodochrosite, The first Mn-
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Table - Tabela la
X-ray data of minerals of the ferromanganese-oxide nodules:
Cu K, radlation, Ni filter

Dane rentgenograficzne mineraldéw konkrecji Zelazistomanganowo-
tlenkowych :promieniowanie Cu Koo filtr Ni

Ostrésza 6 Tarnawa Gérna 7 Tarnawa Dolna 23
a (&) 1/1, a(k) /1, a(k) /1,
Todorokite Todorokite Todorokite
9,62-9,70 2 9,60-9,71 2.5 b 9,60-9,71 1b
6.93-7,03 1b 7.18 1 7.07 1
4.82 2 4,81 1.8 4,76-4,87 2
4.45 1b 4.4-4.5 1b 4,45 1b
3,47 1.5 3.47 0.5 5.20 0.5
3,201 1 3.206 1 2,45 0.5 bl
2,46 3 bt 2.46 5 bl 2,38-2,39 1b
2.378 1 2f39° 0.5 Birnessite
. 5 . 2 3.6-3.7 1b
1,977 14 - 1,977 .1 5.41-2.47 2.5 b2
1,725 0,5 1.728 1 .
1.667 0.51 1.667 11 1- coincidence of
1.541 0.51 1.54 1,b1 " todorokite with goe-
. thite 1 quartz,
Birnessite Goethite 2 - coincidence of
. T 1 4,163 6 1 birnessite with goe-
3.69-3,70 ’ 2 \ 3.36 2 p thite ¥ quartz,
2.45 b 2.685 3 3 - coincidence of
Pyrolusite 2.572 1 goethite with quartz
3.123 3 2.475 L 4 % todorokite,
2,412 1.5 2045 5 b 4 - coincidence of he-
2,099 1 24255 1 . 'matite with goethite,
1.628 2 2.28 2V¥ b - broad
1,554 1 2.175 2
Goethite 1.907 1
4.13-4.17 3 b 1.812 2
2.688 . 1,718 2.5
2,189 2 1.688 2
1,716 1 a.0, 1,646 1
_ 1,566 1
Hematite
3,65-3,67 1
2,695 2
2,513 1,5
1,837 1

1.838 " 3
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mineral is confined to the peripheral part (Fig, 2,8 and Table la) and is
replaced by birnessite in the crust (Fig. 2, 7), while the carbonate mi-
nerals tend to concentrate with goethite only in the core of the nodules
(see Fig. 4, mo. 23). The X-ray diffraction patterns of birnessite are com-
parable with those found for the same mineral in the Ostrésza 6 sample
(Table 1la). The relatively high dispersion of minute birnessite crystalli-
tes in the module crust is responsible not only for broadening of X-ray
lines but also causes the appearence of brown instead of black colour.
For the same reason birmessite is brown in transmitted light. The optic
properties in reflected ligth are undeterminable owing to poor quality
of polished sections.

B.Phosphate-rich modules. Two varieties of phospho-
ria-rich nodules might be distinguished, mamely, carbonate-poor and
carbonate-rich. Except these quantitative differences, another reason of
this classification, ds their carbonate composition.

Carbonate-poor variety, represented by specimens from Dabrdowka
25 and Tarmawa Goérma 28, exhibit more compact structure than display-
ed by the carbonate-rich varieties. In the first mentioned, Dabrowka 25
samples, the carbonate grains appear in the from and texture of sheru-
lites 0.04—0.13 mm in diameter. As follows from optical and X-ray da-
ta interplanar spacings and cell parameters they consist of manganife-
rous sidenite. Less frequent is calcite in larger grains but undetectable
in DTA graph (Fig. 5) and siderite. Kaolinite, quartz and hydromuscovi-
te are detritic minerals dispersed in a dense phosphate matrix. The pho-
sphate mineral is identical in the whole sample. It is represented by
francolite with c¢/a matio = 0.7391, determined after Brasseur’s (1350)
method. The Tarnawa Gérna 28 samples display mormally in its X-ray
patterns the association of francolite with quartz (see Table 1b) as in so-
me samples from Dgbrowka 25 (Fig. 2,13; quartz excluded as in all bar
diagrams). However, microscopic observations allow the detection of so-
me small amounts of additional detritic hydromuscovite, iglauconite and
diagenetic Fe-septechlorite. The last mineral being accompanied by chal-
cedony and francolite, fills sometimes the Radiolaria frustule interiors.
Numerous spicules, agglutinated Foraminifera tests and burrowing tra-
ces are also present. The mean c/a ratio of francolite equals 0.7383 and
this value is distinctly smaller than in the former case. This may be con-
sidered to be due to a decrease in the content of CO; radicals or an in-
crease of fluor anion share. The francolite prisms from cores of Radio-
laria frustules, reaching 8 wm in length, display an elongation ratioc =
1 : 2—3 and refractive index, nw = 1.619 — 1.620.

The carbonate-rich phosphate nodules from Dakréwka (22) and Tar-
nawa Dolna (29) characterizes the mineral assemblage comprising fran-
colite and rhodochrosite as the essential minerals (Fig. 5 and Table 1b).
Small differences persist only in subordinate mineral combinations; qua-
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rtz and kaolinite being peculiar for the first specimen and goethite with
Fe-septechlorite — for the second. Rhodochrosite crystal habit is long-
= 1 : 6—7 and the

ovaloidal or spindle-shaped with elongation ratio

Table - Tabela 1b

X-ray data of minerals of the phosphate-rich nodules

Cu K, rediation, Ni filter

Dane rentgenograficzne mineraéw lonkrecji bogatych
w fosforany: promieniewanie Cu Kg, filtr Ni

Tarnawa Gdérna 28 Tarnawa Dolna 29
a(dy /1, a (4) /1,
Francolite Francolite '
3ed45 1 2.798 1.5
2.795 4.5 2,706 1
2,701 2.5 2.24 0.5!
2,631 11 2.13 1l
f';i 11:1 Rhodochrocite
;‘13 1°:1 13,6627 2
* . 2.8488 3
1,834 0,5 2,3595 1
1.,8397 1.5 2.,1750 1
1.7?32 1 1.9990 1.5
1.7876 0.5 1,831 0.52
1,7459 0.3 1.764 12
1,7233 0,5
Goethite
lar iz 4,168 1 a.0.
4,255 2 :
3.343 5 8.0, Fe-chlq;ité
3.483 2 a.0,

-~ coincidence of francolite with quartz
- coincidence of rhodochrosite with froncolite

Dahrdwka 22

a(l)

Francolite
3.451
2,790
2,700
2.624
2.24

Ihodochrosite
3.6596
2,8480
2,3802
2,1746
1,9992
1.8343
1.7695

Guar tz
4,255
3.343

Kaolinite
T.13

N o =2

1.52
3.5

0.5

3 a,o0,

1l a.0.

length, either up to 0.06 or up to 0.09 mm, respectively. The calcite mo-
lecule admixture in manganese carbomate, established (Fig. 6) from
dio.s = 2.8400 10 2.8488 A and dy;., = 3:6596 to 3.6027 A latiice spacings,
implies similar, very small CaCO; content amounting 0.5—1 percent,
respectively. Rhodochrosite may be partly oxidized, especially if filling
burrowing traces (Plate II, Fig. 2). The francolite from the correspon-
ding samples yielded uncertain values of c/a ratio owing to coincidence
of some reflections with those given by rhodochrosite.

C. Ferromanganese-carbonate modules. The most va-
riable in composition and simultaneously the most frequent are the no-
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dules composed of iron and manganese carbonates. As in the formerly
described varieties there are examples of nodules of mixed composition.

T T T T v Y ' L2 g i COC03
1 3.8554
CaCQq,
30358 b NN ]
3 000 434800
i E
02 2900 S
ny 3700 U
k=4
O
| 16581
MnCO, MnCO,
284407
2800 4 3600
FeCOS/ FeCO,
27512 'l Il L A A A A ;4 A 5903
0 50 100
CG [ A A - J
Mn-calcite Manganocalcite Ca - rhodochr Mn
Mn | - .C -1 e T Fe
e-rhodochr Oligonite Mn-gderite

Fig. 6. Interplanar spacings versus rhombohedral carbonate composition (mol. per-

cents) in the isomorphous series .calcite-rhodochrosite, calcite-siderite and rhodo-

chrosite-siderite. Solid and dashed lines denote dy , and dyy.4 spacings, respectively.
X-ray data after Graf (1961)

Fig. 6. Zalezno$¢ odleglosci miedzyplaszeczyznowych od skiladu chemicznego rombo-

edrycznych weglandw w szeregach izomorficznych: kaleyt-rodochrozyt, kaleyt-sy-

deryt, i rodochrozyt-syderyt. Linie ciggte i kreskowane wyznaczaja zmiennosé od-
stepow dg.o 1 dy.4, odpowiednio. Dane rentgenograficzne za Graf’em (1961)

In the #irst variety, represented by Harbutowice 30 sample, there
occurs a small admixture of phosphate mineral (PyO; — 2.72 wt. percent
in the whole sample) not revealed by X-ray patterns. This sample is al-
so noteworthy due to the appearance of two kinds of carbonate mine-
rals — coarser grained and more frequent mamnganiferous siderite or oli-
gonite and less abundant, finer grained calcareous siderite with overlap-
ping X-ray lines (dyy., = 2.8047 A and dy., = 3.6074 A, what corres-
ponds to 27—25 percent MnCO3 or 6.5 percent CaCOz molecule). Both
carbonates, as well as, small amounts of additional pyrite could be distin-
guished in DTA curve (Fig. 5). Sub-to euhedral, rhombohedral grains
of carbonate, with mean diameter = 0.1—0.2 mm, owe their automor-
phism to septechlorite matrix.

As could be expected, the carbonaterich modules, intermediate in



— 161 —

composition to their ferromanganese-oxide equivalents, are mnot infre-
quent. In this second variety, the undoubtedly secondary oxide minerals
like geothite and often pyrolusite, are the only alteration products. From
numerous examples, the following are most characteristic: Dzialek 13
Lachowice 18 and Jastrzebia 19. Many of the remaining samples of nodu-
les are provided with thin, oxide-bearing rims. The quantitative propor-
tions between goethite and pyrolusite, mnaturally, vary with the compo-
sition of primary carbonate and diffusion ability of manganese com-
pounds. It is well known, that manganese dioxide might be generated only
under faintly alkaline conditions (in acid solutions Mn2+ does mot oxidize
into Mmntt). The stratiform concretion, labelled as Dzialek 13 for the
whole sample and 13b and 13c for crust and core, resp., is inhomogene-
ous in its composition. Inv the core, manganiferous siderite with nearly
10 percent of MnCO; I(dgg.4 = 2.7947 A) is accompanied by less abundant
Ca-rhodochrosite (djg.4 = 2.8172 A), whereas the slightly goethitized pe-
ripheral part of concretion consists of carbonate of less defined (broad
djg.4 line mear 2.80 A) and rather widely varying composition between
oligonite and Mm-siderite (see Fig. 2,10 and Fig. 4). The relics of not
entirely replaced quartz sand grains, hydromuscovite flakes, glauconite
granules and chloritized clay cement are still, everywhere, visible in
microgranular (6—20 um in @), anhedral carbonate aggregate mnass. In
the curst (13b) excluding quartz, goethite is the only mineral discern-
ible by X-ray techniques (Fig. 2,11).

The flattened module from Lachowice 18 is composed, both in peri-
pheral and core part, of goethite, pyrolusite and siderite. Pyrolusite in
highly dispersed form (see Fig. 4) must be considered as an alteration
product of the manganese carbonate molecule of oligonite, while goethi-
te resulted from incomplete irom carbonate transformation. The thin con-
tractional veinlets of the nodule interior are built by quartz in detrital
and reprecipitated generations. On the other side, in the immediate vici-
nity of concretion (18a), metasomatic processes of chloritization prece-
ding carbonatization (oligonite + calcite) may be deduced from micro-
scopic examinations.

The Jastrzebia 19 mushroom cap-shaped concretion is in its internal,
planar (bottom) part composed of goethite, pyrolusite and unaltered oli-
gonite (dye., = 2.8117 A = 37 percent of MnCOy), as well as, of rhodo-
chrosite (dsy., = 2.8490 A = some percent of additional CaCO; and (or
FeCO,). These two last minerals ocour in almost equal quamtitative pro-
portions (Fig. 4). Numerous residual, primarilly detritic, hydromuscovite
flakes are observed. In the peripheral, convex (top) part, goethite and
ferroferous rhodochrosite (dse., = 2.8406 A = 5—6 percent FeCOj) re-
present the only ferromanganese minerals.

From the almost mnaltered carbonate modules, those derived from
Zembrzyce 16, Lgota 17, Bukowiec 20 and Slemien 21 sites of occuren-

2 — Rocznik PTG XLVIII/2
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ce may be clearly subdivided into two varieties. The first (successively
third) comprising the Zembrzyce 16 and Slemien 21 samples contain Ca-
rhodochrosite as index mineral, while the second (fourth) with Lgota 17
and Bukowiec 20 samples — oligonite and Mn-siderite.

Table - Tabelq_lc

X=ray data of minerals of ths ferromanganese-carbonate
nodules: Cu Ko radiation, Ni filter

Danc rentgencgraficzne mineratdw konkrecji zelazisto-

manganowo—wgglanquchi promieniowanie Cu K,, Filtr Ni

Zembrzyee 16 “Bulktowiec 20 d1emicri 21
ara I/, adl 1/1, d A} /1,
Ca-rhodochrosite Oligzonite Ca=rhiodochrosite
3.G811 2 33,6159 3 3.7026 2
2,8684 s 2,8033 9 12,3910 5 b
2.1032 v 2.3583 2 2.4076 1.5. b
2.1858 1 2,1395 2,5 2,1959 2h
2,0097 1.5 1.97083 2,5 2,0224 210
1.813 0.51 1.8063 1 1.7941 2.5 b
1,784 4 b 1,7398 4 1.5481 0.0 b
- 1 :
1.5408 507! . ) .
54 1 1.,5073 1.5 Oligonite
Quartz Quartz 2.8231 1
44256 G.5 .25
56 D 4,25 tr Quartz
3643 4 240 3|343 1 4,25 tr
Kaolinite 3.343 0.5
Tel 05 0,04

1 - coincidence of Cu-rhodochrosite
with quortz, b - breed, tv = ftygcacns

The Ca-rhodochrosite nodules from Zembrzyce 16 and Slemien 21
display peculiar ash-grey colour, ellipsoidal to discoidal shape, dense.
structure and conchoidal fracture. Microgranular (6—15 um in diame-
ter) aggregate of anhedral grains of Ca-rhodochrosite contains only small
impurities in the form of quartz and hydromuscovite silt with illite (es-
pecially Slemien 21, see Fig. 4) or kaolinite (Zembrzyce 16, see Table lc)
clay and bituminized and coalified plant remnants. The lattice spacings
presented on Table lc indicate calcium carbonate content ranging from
12 to 23 percent in Zembrzyce 16 and 24 to 34 percent in Slemien 21,
depending on the degree of Mn-Fe substitution. The cell parameters
range from a = 4.799 A, ¢ = 15.672 A, c/a = 0.327 in Ca-rhodochrosite
with 12 percent CaCO,, to a = 4.821 A, ¢ = 16.029 A and c/a = 0.332 in
Ca-rhodochrosite with 24 percent CaCOj, repectively (see for interpila-
nar spacings in Table 1c). Moreover, one of the Slemien 21 samples reve-
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aled the presence of small admixture of dolomite-ankerite with djg.q =
2.8897 A and intensity four times lower than that of Ca-rhodochrosite.

The Mn-siderite and oligonite modules (fourth wvariety) from Lgota
17 and Bukowiec 20, respectively, differ im some details. The former ty-
pe exhibits layered form with brecciated structure and the last occurs
as irregularly shaped, dense, crustified concretions and nests.

The manganiferous siderite samples (Ligota 17), except carbonate
component, contain pyrite and Fe-septechlorite as essential minerals
(see Fig. 4). The microgranular to fine-grained aggregate of Mn-sideri-
te (dyg.s = 2.7963 =2 10 percent MnCOj3, see Fig. 6) in some fragments
is impregnated by late, intergranular Mmn-siderite (diy., = 2.7994 o 18
percent MnCos), pyrite and Fe-septechlorite (replaced clay cement relics?).
Pyrite grains also show the from of independent fragments which
in some rcases are half pyrnitized gaize-type sediments or subrounded,
monomineralic, excluding small siderite veinlets (Plate I, Fig. 2). There
is evidence of quartz sand replacement by carbonate, beginning from
fissures, as well as, of the presence of late generation of Fe-septechlori-
te, filling pores. “

The oligonite concretions or nests (Bukowiec 20) yield many exam-
ples of unaccomplished replacement of marly and silty sandstone by
carbonate. They are evidently varying in composition, whereby carbo-
nate grains in the intemmal parts (on the average 0.01 mm in diameter)
contain 28 percent MnCO; (dy., = 2.8053 A, a = 4.730 A, ¢ = 15.402
A, c¢/a = 0.315) and correspond to oligonite, while those of remaining
parts (grain size — 0.03 mm) are built of Mn-siderite containing 20 per-
cent MnCOj (dg.4 = 2.8017 A). As additional components diversely me-
tasomatized quartz and glauconite, almost completely replaced feldspar
and well preserved detritic hydromuscovite were observed. In the cen-
ter of the concretion clay cement was transformed into Fe-septechlorite.
In ‘marginal part carbonate undergoes igoethitization in varying degree.

CHEMISTRY OF NODULES

As may be deduced from the above presented comsiderations the ma-
ture and quantitative proportions of mineral components of modules va-
Ty considerably, depending both on chemical composition of substra-
tum -+ adsorbed material and on physico-chemical conditions under
which its comsolidation took place.

It is difficult now to envisage the chemistry of source material due
to large-scale transformations during its long evolution. The only avail-
able indication provides the unreplaced, relict sediment in the form
of sandstone or other porous and permeable material. Excluding metaso-
matic mode of growth of nodules, mechanic replacement by growing neo-

2r
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crysts and sym-depositional growth by accretion must be taken into ac-
count.

The silica content presents a motable criterion for quartz sand and
siliceous onganic detrite abundance, while alumina and lime might pro-
ve useful in evaluating clayey, marly or calcareous additions in the pri-
mary sediment. After carbon dioxide content it is mot possible to esta-
blish the primary carbonate content, owing to the release of supplemen-
tary CO, by organic remmants decay and possible secondary carbonati-
zation with rising partial pressure. The titanium dioxide, as chemically
inert, appears in variable quantities depending rather upon the extent
of leaching processes.

Many authors pointed out a distinct covariance between O/Mn and
Mn/Fe ratios in recent ferromanganese nodules in respect to environmen-
tal conditions of their formation. This is especially true in the case of
oxidation potentials, unfortunately significantly modified during diagene-
tic and post-diagenetic transformations of fossil nodules. Furthermore,
the environment, as well as provenance features of modules may be de-
duced from trace element absolute content and covariance, but the pau-
city of quantitative data precludes far reaching conclusions.

A.Hydrous ferromangamese-oxide modules. Che-
mically, the first variety (Harbutowice 2) of this category of modules di-
stinguishes high O/Mn ratio = 1.84, which is due to secondary rather
than original high oxidatiom state. Judging from the practical absence
of titanium dioxide and smaill content of silica and alumina the growth
by accretion or carbonate mature of original module may be implied.
This conclusion is also in accordance with the scarcity of chromium, whi-
le abundance of copper supports accretional mode of formation as more
justified.

The formerly postulated secondary nature of second variety (Lacho-
wice 9 and 15) is evidenced by high O/Mn ratio = 1.87 and 2.00. The
divergence in the silica and alumina content of sample no. 9 and 15, si-
milarly to titania variability, is influemced by the chemistry of substra-
tum rather then by the intensity of leaching processes. Supposed abnor-
mal abundance of fine silt and clay, usually enriched in leucoxene, in
the former (9) sample finds confirmation in the high content of silica,
alumina and chromium. Increased barium and strontium contents (Table
5) in both samples should also be emphasized, as well as, the antagomi-
stic behaviour of copper and nickel against zinc.

The low steric requirements of the third (no. 6), fourth (no. 7) and
fifth (no. 23) varniety (rich in ,ymanganous manganite” mineral phases
and accordingly showing rather low O/Mn ratio = 1,71 and 1.35) are in-
significantly expressed by elevated minor and trace element contents.
The undissolved relict, finely clastic, material is not uncommon, judging
from SiO,, Al,O,4, TiO, and Cr quantitative data.
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Table ~ Tabela 3

Contents of minor elements in comparison with some major elements of the
ferromanganese-oxide, phosphate~rich and carbonate Fe-Mu-rich nodules’
/in ppm and weight percents, respe/

Zawartosci $ladowych i niektérych giéwnych pierwiastkéw w zelazisto-manga—
nowo-tlenkowych, begatych w fosforany oraz w¢glany Fe 1 Mn konkrecjach
/w g/t i procentach wag., 0dp./

Sample Ni  Co cu 7n Cr’ Fe Mn Fe/tin Al

Hno 4
2 55 21 2143 91 7 29,47 25,21 1,16 0.87
6 ’ 260 18 824 229 71 .31,55 14.01 2,25 3,49
7 72 9 350 10% 86 17.54 22,83 0,76 4.22
9 - 64 12 556 99 117 23,49 20,01 1,17 3.86
15 150 16 1370 10 25 25,31 24,98 1,01 0.64
23 109 70 1302 87 58 10,42 29,01 0.35 2,63
22 n.d. 9 766 45 n.d, 12,07 27.63 0,43 .83
25 49 6 2221 118 40 11,78 0,40 20,45 10,37
28 66 11 1973 114 42 1.89 1,84 1.02 4.03
29 n.d, 8 n.d, 71 n.d, 6.72 20,60 0,32 0,63
13 135 a7 1818 78 137 22,99 9,72 2,36  .2,91
13 b 110 69 398 78 88 21,06 3.47 6,06 3,97
13 ¢ 53 14 1820 18 128 14,02 16,61 0.84 1,21
16 a7 14 500 10 88 3.83 27.29 0.14 2,04
17 126 52 1156 20 26 26.70 5,02 5.1 3,47
.18 99 268 646 a2 61 19.27 20,45 0.94 2.70
18 a 88 37 166  n.d. 361 10,37 2,31 0.59 7.58
13 b 71 15 598  med. 150. 16,57  16.27  1.01  3.47
18 ¢ 68 15 428 n.d. 98 20,26 22,24 0.91 1.04
19 55 39 1528 119 17 22,94 16,65 1.37 3.42
i9 b 57 26 1432 226 29 21,45 8.93 2.40 3,30
19 ¢ 63 12 690 100 91 21,98  13.35  1.64 2,49
20 46 35 1418 205 120 24,17 85.37 2.88 - 4462
21 51 17 978 40 205 10,46 21,83 0,47 2.37

B. Phosphate-rich modules. The divergence in the sili-
ca and alumina content observed in the carbonate-poor samples (Da-
browka 25 and Tarmawa Goérna 28) can be assigned to two factors: cla-
stic mineral mature and high colloidal silica (now chalcedony) admixtu-
re in sample mo. 28, co-precipitated with the phosphate mineral phase.

In the carbonate-rich vamety (Dgbrowka 22 and Tarnawa Dolna 29),
the silica and alumina content (occurring chiefly im the form of clastic
minerals), is smaller at the cost of much higher carbonate mineral ([rho—
dochrosite) content.
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Table - Tahel. ¢

Correlation coefficients foi oloments in 2C fe~rom ngrneso
/without phosphnte~rich/nodules
w5p61033nniki korelocji dla pierwiastkdéw w 20 zel-zisto-
manganowych/bez fosfor anowych/konkrecjach

Fe Mn Ni Co Cu Zn Cr Al
Pe 1 -0,17 0,21 -0.,03 0,12 0,46 =0.,34 =0,14
Mn 1 -0,14 =0,50 0,09 04,36 0,44 ~0,65
Ni 1 0,02 -0,10 ~0,69 ~0,04 0.00
Co 1 0,11 0,00 -0,01 0.01
Cu 1 - =0.12 =~0.,44 0,00
Zn 1 0.05 0,00
Cr 1 0.67
Al 1

Another conspicuous difference between carbonate-poor and carbo-
nate-rich nodules is expressed by the abundance of trace elements. Cop-
per and zinc are much more, most probably biogenetically, enriched in
the former, while barium and strontium — in the last varieties. This as-
sumption, as well as, a conclusion concerning the remaining elements is
only an approximation, owing to the deficiency of analytical data.

Table - I~tela §

Barium and strontium content in the ferromanganese nolrles after
spectrographic determinatiors

Zeawartogel baru i strontu w konkrecjach zelazistomanganosyycit
na podstawie oznaczen spektrograficznych

Sample no.,
Blement 2 6 T 9 15 23 22 25 28 29 13 16 17 18 19 20 21

Ba.oevs 3 3 3 4 4 3 3 3 1 3 2 1 1 4 3 2 3
SI‘..... 1 2 3 3 3 3 2 - 1 3 2 1 1 3 3 ? 3

1 = 0.01-0.05; 2 = 0005-001; 3 = 301"005; 4 = 0.5-1.0 percent

C.Ferromanganese-Carbonate nodules. The first va-
riety of ferromanganese-carbcnate nodules (Harbutowice 30) is exem-
plified by almost pure carbonate aggregate, except for the small admix-
ture of silica, chiefly in the form of septechlorite and phospohoria not
confirmed by the appearance of the remntgenographically detectable fran-
colite. Trace elements were not determined, excluding barium and stron-
tium occurring in negligible amounts.

30

1
2

L
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The second variety (Dzialek 13, Lachowice 18 and Jastrzebia 19) exhi-
bits pronounced differentiation in chemistry following mineral zonation
in the growing and altering nodules. From core to the margin the cla-
stic mineral contamination and Fe/Mn mratio imcrease, partly due to the
greater mobility of Mn compounds, while O/Mn ratio remains variable.
There is no regularity in the trace element distribution.

The variety characterized by unaltered Ca-rhodochrosite as the pre-
vailing mineral (Zembrzyce 16 and Slemien 21) and that comsisting
mainly of Mn-sidenite or oligonite (Lgota 17 and Bukowiec 20) reveal
no appreciable differences in major element composition. In trace ele-
ments spectra there is an evidemce of enmichment in copper, cobalt and
zinc in the third variety in respect to the fourth omne.

All kinds of described modules were also analyzed for bitumen A
(extracted by chloroform) content. The results in weight percentages
are as follows: 6 — 0.06, 13 — 0.11, 16 — 0.11, 17 — 0.14, 18 — 0.06,
19 — 0.11, 20 — 0.06 and 21 — 0.07.

DISCUSSION AND CONCLUSIONS

The most important task which almost all authors are attempting
to resolve is the reconstruction of environmental conditions of forma-
tion of fossil and recent ferromamganese modules. It has long been re-
cognized that the chemistry of recent Fe-Mn nodules varies significantly
with environmental conditions. In contrast to deep-sea nodules those ge-
nerated in shallow water environments have attracted much less atten-
tion. Only in the last two decades this gap ‘was in some extent reduced.
However, Buchanan many years ago had reported in his work from
1891 (!) ferromanganese nodules from Scottish lochs, postulating some im-
portant conclusions. He pointed out, a.o., small cobalt and mnickel con-
tents and lower oxidation state of manganese in respect to deep-sea no-
dules (O/Mn = 1.6 and 1,95, resp.?). As follows from this short remark
and from the conclusions presented by other authors, trace and mi-
nor elements concentration, the relation O/Mn, as well as, Fe/Mn ratio
in recent modules must be discussed here in detail as valid for fossil no-
dules too. The importance of the two last features is also significantly
revealed by the specific mineral composition of recent and fossil no-
dules.

As stated by Price (1967) and other authors, deep-water or pelagic
nodules are characteristically enriched in tramsition elements and lead
in regard to shallow-water ones. Ferromanganese modules from margi-
nal areas of the Pacific Ocean, according to the mentioned author, dis-

2 Results confirmed by Calvert and Price (1970), and other authors.



— 170 —

play similar minor or trace metal contents to those of shelf seas which
are often by one or two ordems of magnitude less abundant than corres-
ponding contents of open oceanic forms. Present and other workers agree
that higher concentrations of zinc in shallow-water environments are
due fo abundance of brown algae in biomass deposited. The interpreta-
tion of abnormal concentrations of trace elements in deep-sea water is
different because of a great mumber of factors, which must be taken
into consideration. These are as follows:

1. Small accretion rate of sediments. Rapid sedimentation hinders the
generation of ferromanganese concretions, especially those of oxide type
which must be in permanent contact with sea water, directly or indirect-
ly. The accelerated burial of nodules should thus lead to partial removal,
among others, of trace e¢lements or even to their destruction.

2. Restricted mass of onganic matter in sedimemts. The increased
amount of organic matter lowers the oxidation ratio in sediments and
favours fixation of iron (most effectively in the formi of pyrite) and mi-
gration of manganese in manganous state.

3. The halmywolitic decomposition of volcanic material, especially if
of basaltic, hyaloclastitic nature, releases conspicuous amounts of trace
elements. Submarine volcanic exhalations are often megarded as subor-
dinate source. The alume;ntatlon by terrestrial sources should also be
taken into account.

4. Concentration of trace elements by pore waters. As stated by nu-
merous authors, the so-called pore or interstitial water of fresh bottom
deposits of oceans contains much larger gquantities of idissolved trace
elements than does oceanic water. Amomalous amounts of manganese
were Teleased during bacterial decay of organic substances in the redu-
ced manganous state of solvate, which after upward migration nepreci-
pitated in higher oxidized states of oxides occuring in concretions. The
same happens with iron, nickel and cobalt, but mo evidence for a simi-
lar migration of zinc and copper is available (Addy et al., 1967). The
decaying matter favouns solution of tramsition metals and lead in the
form of metal ions and metal chelates in true solution, not colloidally
dispersed. The concentration gradient between pore and bottom waters,
as well as, the pH, E, differences between reduced and oxygenated en-
vmnments create and maintain diffusion potential, causing upward mi-
gration.

5. The metal scavenging effect in highly oxidized manganese com-
pounds, especially those displaying manganous manganite structure.
Burns and .Fueﬁstenau' (1966) have showmn that Ni, Cu, Zn, as well as
Mg, K and Ba replace Mn2+ in this phase corresponding to todorokite
a mineral common in deep-water concretions. Although the majority
of cobalt occurs as absorbed by Fe3* hydrated compounds, the modules
containing 10 A manganite show lower Co content than modules consist-
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ing chiefly of 7A manganite and 6 — MnO, (Burns and Fuerstenau, op.
cit.). Calvert and Price (1970) remarked that in the Loch Fyne nodules
Ba and Sr probably substitute for Ca and Mg, while divalent ions of
Co, Mo, and Ni occur as replacing Mn2t+ in the todorokite lattice. An-
other, less important scavenging effect is connected with adsorptive abi-
lity of Fe-Mn oxides, of clay minerals, of Al-hydroxide, and of silica,
a.0. colloids or with the metabolism of organisms (Goldberg, 1954). Tran-
sition metal ions were found (Murcay, 1975) to be adsorbed much more
strongly on hydrous MnO, than alkaline earth metal ioms. The observed
order of adsorbability was as follows: Co > Mn > Zn > Ni >
> Ba > Sr > Ca > Mg. The selective and conspicuous concentration
of some biophile micreelements, like V, Mo, Ni, Co, Cu, Zn in selected
varieties of planctonic or benthonic organisms is a commonplace pheno-
menon. After their death, the microelements, especially vanadium, were
or were subsequently (during the diagenesis of sediments) fixed to some
extent in complex metalloorganic compounds, e.g. non-migratory porphy-
rins, and in this way did mot contribute to the enrichment of Fe-Mn
nodules in trace elements.

The O/Mn and Fe/Mn ratios in ferromanganese comcretions reflect
‘oxidation potential conditions and in the second case also the quantita-
tive proportions of both metal ions dissolved in pore waters. The oxi-
dation potemntial value depends chiefly upon the organic matter :abun-
dance, the sulphur content in decaying organic matter, the rate of ac-
cretion of sediments and their permeability. The last factor allows mo-
re or less facilitated exchange between pore and bottom waters. The
reduction of iron by sulphur compounds into insoluble iron sulphide and
consequently into disulphide reduces iron content in pore water and, in
consequence, the absolute value of Fe/Mn ratio in ferromanganese no-
dules. Simultaneously, judging from the diminished O/Mn ratio in near-
-shore concretions and high erganic carbon content in host sediments,
the rich biomass resulting from high supply of nutrients by neighbouring
land influences (lowers) the oxidation state of manganese oxides (O/Mn =
1.6 in meritic and 1.95 in pelagic concretions). Seaward decrease of the
organic carbon content in sediments, especially of humanic acids is not
compensated by visible simultaneous augmentation of concentration of
higher polymerised bitumens. In pelagic sediments these are, as a rule,
saturated aromatic hydrocarbons, in contrary to unsaturated organic com-
plexes in a neritic environment.

The variability of Fe/Mn ratio may -also be explained by differen-
ces in the chemistry of substratum; basaltic rocks and their derivatives
favour formation of Fe-rich concretions; while andesites — of Mn-rich
ones. Some authors explain this phenomenon implying the activity of
specialized Fe- or Mn-deposntmg Bacteria.

Another important indication helping to elucidate environmental con-
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ditions of generation of certain ferromanganese nodules is their increa-
sed phosphate content. It has been already established that Late Creta-
ceous concretions and intercalations in the Carpathian Flysch deposits
abound in phosphoria (Kamienski and Skoczylas-Ciszewska, 1955; Nareb-
ski, 1958, 1960; Jasionowicz et al., 1959). This is also true in respect to
the studied rhodochrosite-francolite concretions of Lower Eocene and
Mn-siderite or even francolite concretions of Middle Eocene or Palaecce-
ne-Lower Eocene, respectively. The phosphate-rich nodules could not
easily originate at shallow depth due to the biogenic (e.g. photosynthe-
sis) impoverishement of waters and deposits in phosphorus, as well as
at greater depth, where the supersaturation of the interstitial water
in respect to solid francolite phase was hindered by increased partial
pressure of carbon dioxide.

Analysing the bathymetric distribution of phosphate-rich water in
the ocean and basin sediments, Bromley (1967) states that depths of
over 300 m are unlikely to be suited for phosphorite formation. He also
points out that the bulk of phosphate-phosphorus is released from des-
cending organic matter before reaching the depth of 1000 m. However,
in the restricted basins (trenches etc.) the sediments of turbidite origin
may contain PO, — enriched interstitial waters and thus give rise' to
the generation of phosphate nodules even at great depth. The presence
of diagenetic Fe-Mn carbonates and Fe-septechlorite emphasizes the mo-
derate activity of oxygen during the formation of phosphate-rich no-
dules. '

From the occurrence of layered rhodochrosite intercalations in the
Eocene Variegated Shales (Ksigzkiewicz, 1958) and in Cenomanian Ra-
diolaria Shales, no significative bathymetric informations could be avai-
lable for discussion. Such intercalations are knowmn equally from shallow-
water deposits (e.g. Baltic Sea, see Manheim, 1961), as well as, from
deep-water sediments (trench off the coast of :Chile, 5377 m depth, see
Zen, 1959). It should be remarked that these layered imtercalations, as
well as, rhodochrosite concretions tend, always, to be genetically con-
nected with finegrained sediments rich in organic matter. They are ac-
cumulated in the deeps, e.g. in the central, deepest parts of Loch Fyne
(Calvert and Price, 1970), where overlying water is oxygen-poor or
oxygen-free. L

For reconstrfuction of environmental conditions of formation of fossil
Fe-Mn nodules very important is the mineral composition of the host
rock. A much restricted number of papers dealing with fossil ferroman-
ganese nodules in world literature renders difficult the deduction of de-
finite rules in this matter. However, in the majority of cases, the host
rocks represent rather typical red-brown claystones, rich in Radiolaria
and radiolarite intercalations or red ,condensed” limestones. Formerly
mentioned rocks, described by Molengraaff (1922) and Audley-Charles
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(1965) from the Cretaceous and partly from the Jurassic and Triassic of
East-Indian Archipelago do, in fact, closely resemble normal deep-sea
clays. The ,,condensed” limestones of the Jurassic of Sicily have been
formed, acc. to Jenkyns (1967) in an environment of minimal accretion
of sediments in shallow-water on current-swept topographic highs. The
ferromanganese modules from both regions display peculiar concentric
structure and composition resembling Recent deep-sea nodules.

The Carpathian Flysch sediments displaying features of deep-sea clays
appear twice during the evolution of the external Carpathian geosyn-
cline, namely in Cenomanian and in Palaeocene-Lower Eocene times. In
both the cases their appearance can be connected with ocean floor
spreading. This is expressed by the appearance of Radiolaria Shales rich
in manganese and locally in clinoptilolite (Wieser, 1969, 1973). In the
Palaeocene-Lower Eocemne deposits of the Skole tectonic mnit, brick-red
to red-brown colour and very fine grain of shales present another strik-
ing features. It should be mentioned, that rhodochrosite intercalations
have been observed in the Cenomanian and Eocene, while the Fe-Mn
nodules corresponding to Recent deep-sea ones are known from Eocene
deposits only.

Taking into account all the mentioned data, the following history of
formation and subsequent evolution of the presently studied fossil fer-
romanganese nodules may be drawn (see also Fig. 7).

1. Ferromanganese-oxide nodules of compact texture and concentric
structure (e.g. sample mo. 7 anid sample mo. 23), containing the todorokite
and birnessite as manganese minerals, originated in current-swept sedi-
ments of small accretion ratio and under rather free access of oxygen
{Mn/O = 1.70—1.35). The host rocks of Lowest Eocene — Palaeocene or
Lower Eocene age are enriched in manganese (compare low Fe/Mn ratioc
in modules, equaling 0.76—0.35) and sometimes abound in clinoptilolite.
This is the result of increased volcanic activity. Sym-sedimentary (sym-
depositional) accretion, but not replacement should here be implied, as
a mode mechanism of concretionary growth.

2. Ferromanganese-oxide modules with cellular structure (e.g. sample
no. 9 and sample no. 15) are secondary after Fe-Mn carbonate modules.
They represent metasomatically originated carbonate nodules which by
epigenetic and probably even hypergenetic processes have been trans-
formed to hydrated and highly oxidized (Mn/O = 1.87—2.00) forms. Py-
rolusite and hematite + goethite are key minerals, quantitatively appear-
ing in similar proportions (Fe/Mn = 1.17 —1.01). As their coeval equi-
valents, only partially oxidized may serve siderite (formerly oligonite)
nodules with goethite and pyrolusite encrustations (sample no. 18).

3. Phosphate-rich carbonate modules form all possible tramsitions to
pure carbonate, ferromamnganese nodules. Both are the products of dis-
and replacement of sediments in their early diagenetic stage of lithifi-
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Fig. 7. Vertical distribution of ferromanganese and phosphate-rich concretions in
the flysch of the Polish Western Carpathians (diagram prepared by M. Ksiazkie-
wicz). I -—— Sub-Silesian nappe; 1Ia — Silesian nappe, Maty Beskid and Lanckorona
zones; IIb — Tarnawa Goérna — Sleszowice anticline; III — Magura nappe. a —
thin-bedded flysch; b — thick- bedded flysch; ¢ — black and dark shales; d —
variegated (red and green) shales; e — ferromanganese concretions; f — phosphate-
-rich concretions; g — hornstones, C — Upper Cieszyn Shales; W — Vefovice Sha-
les; L. — Lgota Beds and their equivalents; G — Godula Beds; LI — Lower Istebna
Beds; UI — Upper Istebna Beds; Ci — Ciezkowice Sandstone; H — Hieroglyphic =
Beds; B — black shales of Tarnawa Goérna; V — Variegated Shales; M — Menilite
Shales; K — Krosno Beds; R — Ropianka Beds; LV — Lower Variegated Shales;
UV — Upper Variegated Shales; M — Magura Sandstone. Occurrences of concretions.
1 — Lgota; 2 — Harbutowice; 3 — Lanckorona; 4 — Jastrzebia; 5 — Bukowiec Mt.,
Rudnik; 6 — Dagbréwka, (in similar situation Ostrosza); 7 — Zembrzyce; 8 — Dzia-
ek Mt., Stronie; 9 — Tarnawa Gérna;slo — Lachowice; 11 — Tarnawa Dolna; 12 —
lemien ' ’
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cation. Quartz and feldspar grains are easily replaced by carbonates and
phosphates, while clayey cement mormally is imitially transformed to
Fe-septechlorite, and then to carbonates and phosphates. The most react-
ion-resistant are detrital white mica flakes, Iron, manganese’ and phos-
phorus were supplied from the outside through interstitial water whe-
reas calcium and magnesium were predominantly derived from the repla-
ced material. This is in good accordance with the observed occurrence
of Ca-rhodochrosite-bearing modules in calcium carbonate-rich - host
rocks.

4. The most frequent kind of nodules in the Carpathiam Flysch —
the ferromanganese-carbonate modules, commonly show mixed compo-
sition with distinct zonation. This is well expressed in the occurrence
in the interiors of modules of e.g., manganiferous siderite and/or Ca-rho-
dochrosite,  and in peripheries — of oligonite or siderite with the secon-
darilly unmixed rhodothrosite molecule oxidized into Mn-oxides. This
relation should be attributed to the greater mobility of iron and espe-
cially of manganese in freshly buried sediment under a high partial
pressure of carbon dioxide in regard to calcium and magnesium. Copper,
nickel, cobalt and phosphorus displayed a higher mobility, equal to man-
ganese but higher than iron. Quite low mobility of vamadium and zinec
was partly caused by the stability of metalloorganic compounds of these
elements. Titanium and chromium should be treated as almost comple-
tely inert. Rather poor guantitative representation of the recorded trace
elements in all types of nodules may be interpreted by the distant locali-
zation of volcanic eruption centers, which diminished the influence of
volcanic exhalations and the content of easily decomposing glassy ma-
terial in sediments. There is no sigmificant correlation between major,
minor and trace elements, excluding Al/Cr and inconspicuous Fe/Cu
interdependence.

5. The pronounced variability of the chemical and mineral composi-
tion of the nodules with age, depends on the development of tectonic

Fig. 7. Pionowe rozmieszczenie wystepowan konkrecji zelazomanganowych i wzboga-
conych w fosforany we fliszu polskich Karpat Zachodnich (diagram sporzadzony
przez. M. Ksigzkiewicza). I — plaszezowina podslaska; Ila — plaszczowina $laska,
strefa Beskidu Malego i Pogdrza Lanckoronskiego; IIb — plaszczowina $lgska, siodlo
Tarnawa Goérna — Sleszowice; III — plaszczowina magurska. a — flisz cienkolawi-
cowy; b — flisz grubolawicowy: ¢ — czarne lub ciemne tupki; d — pstre (czerwone
i zielone) lupki; e — wystepowania konkrecji zelazomanganowych; f — wystepo-
wania konkrecji bogatych w fosforany; g — rogowce, C — lupki cieszynskie gérne;
W — tlupki wierzowskie; L. — warstwy lgockie i ich réownowazniki; G — warstwy
godulskie; LI — dolne warstwy istebnianskie; Ul — goérne warstwy istebnianskie;
Ci — piaskowiec ciezkowicki; H — warstwy hieroglifowe; B — czarne lupki z Tar-
nawy Gornej; V. — Iupki pstre; M — lupki menilitowe; K — warstwy kro$nienskie;
R — warstwy ropianieckie; LV — dolne pstre tupki; UV — gérne pstre tupki; M —
piaskowiec magurski. Stanowiska konkrecji: 1 — Lgota; 2 — Harbutowice; 3 —
Lanckorona; 4 — Jastrzebia; 5 — géra Bukowiec, Rudnik; 6 — Dabrowka (w po-
dobnej sytuacji wystepuja konkrecje w Ostroszy); 7 — Zembrzyce; 8 — goéra Dzia-
ek w Stroniu; 9 — Tarnawa Goérna; 10 — Lachowice; 11 — Tarnawa Dolna; 12 —
Slemien
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events in the outer Carpathian geosyncline. In the first stage of the geo-
tectonic cycle, characterized by sediments of euxinic type of black or
dark sediments, originated Mn-siderite nodules with Fe-septechlorite or
even pyrite, indicating, a rather high reduction potential of the environ-
ment. The sample (no. 17) from Vefovice Beds (Barremian-Aptian) cor-
responds to siderite and sideroplesite concretions, as reported by Naregb-
ski (1957) from Upper Teschen Shales and Vefovice Beds, though being
Mn-richer and Mg-poorer.

In the following stage, differing by the formation of slightly better
aerated sediments (judging just from green colour of shales) secondarilly
oxidized and hydrated goethite + pyrolusite concretions (e.g. sample
no. 2), appeared in Ligota Beds, e.g. in Harbutowice (Lower or Middle
Albian, pers. com. of dr J. Liszka). Similar bulk composition ranging
from rhodochrosite to oligonite with secondary encrustations of pyro-
lusite and goethite distinguishes sample mo. 19 from Lower Godula Beds
(Cenomanian-Turonian). Noteworthy is the appearance of somewhat older
(Cenomanian), so-called ,,Manganiferous Shales” in the Carpathian
Flysch, containing unoxidized or oxidized rhodochrosite intercalations in
associations with bentonites, clinoptilolite-bearing Radiolaria Shales and
silica-rich sediments. These deposits beginning the sedimentation of the
Variegated Shales with prevailing red colour are genetically in close re-
lationship with volcanic and tectonic phenomena, which could be con-
nected with the ocean floor spreading of the Thetis.

Also exhibiting oligonite composition is a concretion (sample mo. 20)
from Upper Godula Beds (Lower Senonian), while concretions described
by Narebski (1957) from younger Upper Istebna Beds (Danian-Palaeoce-
ne) are of sideroplesitic or sideritic nature.

In Palaeocene-Lowest Eocene time another important tectonic evemt
took place. The rejuvenation of the geosyncline connected with the ocean
floor spreading of the Thetis initiated and accelerated the volcanic acti-
vity. The relicts of decomposition products of volcanites and products of
volcanic exhalations are included in sediments which locally (especially
in the Skole tectonic unit) display all the features of deep-sea clays
(brick-red colour, high content of manganese, clinoptilolite as essential
constituent, dolomite-ankerite a.0. microconcretions, etc.. Wieser, 1969).
As might be expected, the chemistry of the nodules tends to demonstra-
te greater concentrations of manganese, phosphorus and fluorine. The
first element abounds in goethite 4 todorokite or birnessite (e.g. samples
nos 7 and 23) nodules and goethite + hematite + pyrolusite (after oligo-
nite, samples nos 9 and 15) nodules. Phosphorus and fluorine, naturally,
concentrate in rhodochrosite + francolite (samples mos 22, 29) and fran-
colite (sample no. 28) nodules. Though some of these nodules are consi-
dered to belong to upper part of Lower Eocene (after Ksigzkiewicz’s age
evaluation given to all samples), the most important is the evidence of
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similar environmental conditions and a common source of elements in
the Silesian and Magura sedimentary basins (and nappes).

~ In the Lower Hieroglyphic Beds and in the Upper Variegated Shales
of the Lower-Middle Eocene, Ca-rhodochrosite and Mn-siderite + fran-
colite modules (samples, mos 16 and 21 or 25 and 29, resp.) seem to be
just as typical as they are for Menilite Shales from the Eo-Oligocene
(e.g. sample mo. 13). As formerly emphasized, the presence of Ca-rhodo-
chrosite'is in genetic relation with the calcium carbonate content of sub-
stratum.

Further shallowing of basins (filled with CaCOj-rich sediments) in
the period of sedimentation of the Menilite-Krosno Beds lead to the
formation of ankerite-dolomite concretions, studied by Narebski (1957).

Concluding, the follownig general remarks should be emphasized:

1-0. The described goethite 4 todorokite * birnessite associations have
their equivalents in the ferromanganese nodules from ocean’s and fjord’s
(deepest parts) bottom, as well as, in older fossil concretions. Carbonate
and phosphate-rich Fe-Mn modules, more typical for shelf seas could
also originate in deep-water environment (Zen, 1959, a.0.).

2-0. The primary modules of hydrated Fe-Mn oxide composition are
the products of accretional growth, mith material supplied by bottom
and pore waters. The growth of carbonate and phosphate-rich Fe-Mn
nodules depends completely upon the high concentration and diffusion
gradients of pore waters and the dis- and replacement phenomena. Car-
bonatization of coarsely grained material (quartz, feldspars) was prece-
ded by the septechlorite substitution of clay minerals, or less signifi-
cantly, by pyritization.

3-0. The culmination of ferromanganese nodule abundance in the
Carpathian Flysch deposits of Poland appears in the Eocene, shortly
after the rejuvenation in Palaeocene-Liowest Eocene time of the exter-
nal Carpathian geosyncline. The Albian and Cenomanian should be men-
tioned as another but less prominent epoch of ferromanganese nodule
generation. In ooth cases, there is a good genetical accordance with the
appearance of clinoptilolite-rich, Radiolaria shales.
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STRESZCZENIE

Zbadane konkrecje zelazomanganowe z osadéw fliszowych XKarpat
Polskich zostaly sklasyfikowane chemicznie w nastepujacych trzech gru-
pach: 1 — uwodnione, tlenkowe, 2 — weglanowe i 3 — bogate w fosfo-
rany (fig. 1—7, tabele 1—5, pl. 1—4).
~ Pod wzgledem mineralogicznym do pierwszej z grup mnalezs konlkre-
cje o skladzie: goethyt -+ todorokit + birnessyt, ze zbita koncentrycznie
zonalng budowg oraz goethyt * piroluzyt + hematyt, o charakterystycz-
nej budowie komodrkowej, zbitej i precikowej. Drugg grupe znamionuje
wystepowanie, razem lub oddzielnie, oligonitu i ‘Ca-rodochrozytu, pod-
czas gdy trzecig grupe wyréznia miemal monomineralny — frankolitowy
lub mieszamy — frankolitowo-rodochrozytowy sktad.

Konkrecje zlozone z goethytu, todomokitu + birnessyt w pelni odpo-
wiadajg konkrecjom zelazowo-manganowym z dna oceandéw i glebin fior-
dow joraz statrszym {konktreqom ikopalrnym, oplsanym maledw1e w kilku

morz szelfawych, cmugly takze povw.sttawac iw wamumﬂcach Lglebo!komor-
skich (Zen, 1959). Pierwotnie tlenkowe konkrecje zelazomanganowe na-
rastaly czerpigc materiat wprost z wody mou'skbe] i z wod porowych, na-
tomiast weglanowe i fosforanowe — wylgcznie z wod porowych, roztwo-

I
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row o wysokim gradiencie koncentracyjnym i dyfuzyjnym. W ostatnim
preypadku duzg role odegraly takze i procesy metasomatyczne, jak po-
przedzajace karbonatyzacje kwarcu, skaleni i in. zastapienie mineralow
ilastych przez septechloryty czy rzadsza pirytyzacja. Najodporniejsze dla
tych proceséow zastepowania byly grubiej okruchowe jasne miki.

Maksimum mnagromadzemia konkrecji zelazomangamowych w osadach
fliszowych Karpat Polski obserwuje sie w eocenie, tj. po przypadajgce]j
na granice paleocenu i eocenu rejuwenacji geosynkliny zewmetrznych
Karpat. W tym to okresie osadzaty sie w skolskim basenie sedymemnta-
cyjnym glebokomorskie, radiolariowe, ceglasto-czerwono-brunatne, bar-
dzo drobmoziarniste ilowce z klinoptylolitem i swoistymi krysztalami
i mikrokonkrecjami weglanowymi (Wieser, 1969). Podobne zjawiska tek-
toniczne polgczone z ,joceanizacjg dna’” i ze wzmozong aktywinoscig wul-
kaniczng mialy miejsce w albie i cenomanie. Z cenomanu znane sg lo-
kalnie bardzo bogate w klinoptylolit ilowce radiolariowe.

W opracowanych komkrecjach mie zauwazono podwyzszonej zawar-
toSci pierwiastkéw $ladowych, jak réwniez wyraznej korelacji miedzy
pierwiastkami gtownymi, pobocznymi i sladowymi. Wyjatek stanowi ko-
relacja miedzy glinem i chromem, zawartych gléwnie w mineralach ilas-
tych oraz mniej dostrzegalna korelacja miedzy zelazem i miedzig. Sto-
sunkowe uboOstwo pierwiastkow sSladowych najlepiej tlumaczy znaczna
odleglosé od centréow aktywmosci wulkanicznej.

EXPLANATIONS OF PLATES — OBJASNIENIA PLANSZ
PLATE — PLANSZA 1

Fif. 1. Manganiferous siderite (Mn = 2.2 weight percent) nodule, co-occurring with
' ferromanganese-oxide one (Harbutowice 4 and 2, resp.). The visible metaso-

matic veinlet with prevailing hydrous Fe-Mn oxides (goethite the only de-
tectable by X-ray techniques mineral constituent) follows contractional frac-
ture. The alteration proceeds outwards from this fracture. Thin section,
X 10

Fig. 1. Konkrecja manganonos$nego syderytu (Mn = 2,2% wag.), wspotwystepujaca
z konkrecja zelazomanganowo-tlenkowg (Harbutowice 4 i 2, odp.). Widoczna
zytka metasomatyczna z przewazajgcymi wodnymi tlenkami Fe-Mn (goethyt
jako jedyny skladnik wykrywalny metodami rentgenograficznymi) wigze sig
ze szczeling kontrakcyjng. Przeobrazenie przebiega na zewnatrz od tej szczeli-
ny. Plytka cienka, X 10

Fig. 2. Brecciated structure of manganiferous siderite intercalation. Numerous sub-
rounded and fine-grained pyrite aggregate fragments are cut by siderite vein-
lets. Lgota 17. Thin section, X 10

Fig. 2. Tekstura brekcjowa wkladki syderytu manganonosnego. Liczne pélobtoczone
fragmenty drobnoziarnistego agregatu pirytowego poprzecinane zytkami sy-
derytowymi. Lgota 17, Plytka cienka, X 10
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PLATE — PLANSZA II

. Calcidetritic sandstone gradually (inwards of nodule) replaced by -oligonite

aggregate. Contemporaneously, interstitial clay minerals transform into Fe-
-septechlorite-rich segregations, excluding coarser detritic white hydromica.
Bukowiec 20. Thin section, X 10

. Wapienno-detrytyczny piaskowiec, stopniowo (do $rodka konkrecji) zastepo-

wany przez agregat oligonitowy. ROownoczesnie intersticjalne mineraly ilaste
przeobrazaja si¢ w segregacje Fe-septechlorytowe, za wyjatkiem grubiej de-
trytycznej jasnej hydromiki. Bukowiec 20. Plytka cienka, X 10

. Partly oxidized and hydrated rhodochrosite permeates almost completely

burrowing traces in fine-grained rhodochrosite-francolite nodule, Dabrowka
22. Thin section, X 10

. Czesciowo utleniony i uwodniony rodochrozyt przepaja niemal calkowicie §la-

dy Zerowania w drobnoziarnistej konkrecji rodochrozytowo-frankolitowej.
Dabréowka 22, Plytka cienka, X 10

PLATE — PLANSZA III

. Cellular structure of ferromanganese-oxide nodule, The cell walls are sym-

metrically built from center by: pyrolusite (white), goethite, and hematite -
goethite (dark-grey). The cell interiors being partly filled by finely dispersed
hydrous Fe-Mn oxides (single goethite lines in X-ray powder pattern) ex-
hibit botryoidal surface of colloform aggregates. Lachowice 9. Polished sec-
tion. X 2

. Komorkowa budowa konkrecji zelazomanganowo-tlenkowej. Sciany komor

sg symetrycznie zbudowane od srodka na zewnatrz przez: piroluzyt (biaty),
goethyt, hematyt 4 goethyt (ciemnoszary). Wnetrza komor bedac w czesci
wypelnione drobnodyspersyjnymi wodnymi tlenkami Fe-Mn (pojedyncze linie
goethytu w rentgenowskich obrazach proszkowych) ujawniaja gronkowate
powierzchnie agregatéw kollomorficznych., Lachowice 9. Zglad polerowany,
X 2

. Ferromanganese-oxide nodule of similar origin and composition (further ex-

planations, see Fig. 1 and in text). Lachowice 15. Polished section, X 2

. Podobnie powstala i zloZzona konkrecja zelazomanganowo-tlenkowa (dalsze

objasnienia p. Fig. 1 i w tekscie). Lachowice 15. Zglad polerowany, X 2

PLATE — PLANSZA IV

. The surface of the cavity in the interior of the ferromanganeseoxide nodule,

Undetermined organic remnants fossilized by hydrous Fe-Mn oxides of col-
loform structure are well discernable. Tarnawa Gérna 7. Scanning electron
micrograph (Stereoscan S4-10), X 300

. Powierzchnia prozni we wnetrzu konkrecji zelazomanganowo-tlenkowej. Do-

brze rozpoznawalne nieokreslone szczatki organiczne, sfossylizowane wodny-
mi tlenkami Fe-Mn o budowie kollomorficznej. Tarnawa Gorna 7. Zdjecie
mikroskopem skanningowym (Stereoscan S4-10), X 500

. As above. Magnification X 2100
. Jak wyzej. Powickszenie X 2100
. Clusters of todorckite fibers on the fracture surface in external part of the

ferromanganese nodule. Ostrosza 6. Scanning electron micrograph, X 2100
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Fig. 3. Grupki wldokien todorokitu na powierzchni przetamowej w zewnetrznej cze-
 §ci konkrecji zelazomanganowej. Ostrosza 6. Zdjecie mikroskopem skannin-

gowym, X 2100

Fig. 4. As above. Magnification X 5200

Fig. 4. Jak wyzej. Powiekszenie X 5200

Fig. 5. Dispersed todorokite fibers on the fracture surface in external part of the
ferromanganese nodule. Ostrésza 6. Scanning electron micrograph, X 2200

Fig. 5. Rozproszone wldkna fodorokitu na powierzchni przetamowej w zewnegtrznej
czescl konkrecji zelazomanganowej, Ostrosza 6. Zdjecia mikroskopem skannin-
gowym, X 2200

Fig. 6. As above. Magnification X 5500

Fig. 6. Jak wyzej. Powigkszenie X 5500



