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A bstract: Flowstones composed mostly o f amorphic manganese oxides occur in Jaskinia Czarna Cave in the 
contact zone between Middle Triassic carbonates and Upper Jurassic-Lower Cretaceous limestones on a substrate 
diagenetically enriched in Mn and Fe minerals. In the SEM micrographs, the flowstones display a dome-like 
structure, which is characterized by non-porous microfabric in the dome centres and porous micvofabric in the 
outer parts o f the domes, and in the inter-dome spaces. The filament elements o f porous microfabric and 
co-occurring globular bodies are recognised as mineralized biogenic structures, probably bacterial or fungal in 
origin. The Mn/Fe ratio in the flowstones is 72.1:1, while in the substrate it is about 1.32:1. High concentration of 
Mn is caused by preferencial microbial precipitation. A very high rate o f manganese oxide growth also suggests 
their microbially mediated precipitation.

A bstrakt: Naciekowe polewy zbudowane głównie z amorficznych tlenków manganu występują w Jaskini Czar
nej w pobliżu kontaktu utworów środkowego triasu i malmo-neokomu, na podłożu, które cechuje diagenetyczne 
wzbogacenie w mangan i żelazo. Polewy o miąższości 2 do 20 mm są zbudowane z amorficznych tlenków 
manganu. Obserwacje w SEM wykazały, że polewy składają się z kopulastych form mających w partiach 
centralnych zw ięzłą a w peryferycznych porowatą więźbę. Komponenty budujące porowatą więźbę - kłaczki i 
ciała globularne - zostały zidentfikowane jako struktury mikrobialne, prawdopodobnie bakteryjne lub grzybowe. 
Stwierdzone analizą chemiczną proporcje Mn/Fe w polewach wynoszą 72.1:1, natomiast w ich podłożu 1,32:1.
Tak wysoka koncentracja manganu spowodowana jest jego preferencyjnym wytrącaniem przez mikroorganizmy. 
Wysokie tempo wzrostu badanych polew wskazuje również na mikrobialne wytrącanie tlenków manganu.
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INTRODUCTION

V ariab le  m anganese deposits orig inate  in various env i
ronm ents. T hey  occur in m arine basins (e.g., nodules, m in 
eralized  strom atolites, crusts), as w ell as in lacustrine, flu
vial, and subaerial env ironm ents (e.g., nodules, crusts, de
sert varn ish ) (D ixon & Skinner, 1992). T he problem  o f  their 
orig in  has been  ex tensively  d iscussed  in literature (e.g. 
Schw eisfurth , 1971; M arshall, 1979; N ealson , 1983; D ixon 
& Skinner, 1992). R ecently , several authors have prom oted 
the b iogenic m odel o f  the o rig in  o f  som e m anganese depos
its. T his concep tion  w as confirm ed  by  the experim ents and 
d iscoveries o f  various m icroorganism s, m ain ly  bacteria, 
fungi, b lue-g reen  algae and algae in m odem  m anganese 
sed im ents (e.g. K rum bein , 1971; D ubynina, 1980; N ealson  
& Ford , 1980; E m erson e t a i ,  1982; R ichardson et al.,
1988).

M anganese deposits also occu r in the kars t env iron 
m ents and  have been  observed  in several caves. T hey  form  
soft deposits, the so-called  w ad, or conso lida ted  crusts (e.g., 
M oore, 1981; H ill, 1982; Peck, 1986; Jones, 1992a). The 
w ad occurs in the cave clastic  deposits (C ilek  &  Fabry, 
1989) or form s a film  w hich coats the w alls o f  the cave 
passages (M oore &  Sullivan, 1978; G asco ine, 1982; H ill, 
1982; K ashim a, 1983). The crusts occu r on the w alls o f  cave 
passages as w ell as w ith in  and on th e  surface o f  calcite 
speleo them s (M oore, 1981; R ogers &  W illiam s, 1982; Peck,
1986). T he orgin o f  m anganese cave deposits has been 
frequently  re la ted  to the ac tiv ity  o f  m icroorgan ism s 
(B roughton, 1971; W hite, 1976; H ill, 1982; C îlek  &  Fâbry ,
1989). T his p rob lem  w as stud ied  in detail by  M oore & 
Sullivan (1978), Peck (1986), and  Jones (1992a).

M anganese cave deposits have n ev er been recogn ised  in
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Fig. 1. Location o f Jaskinia Czarna Cave in Western Tatra 
Mts., map B shows main passage o f Jaskinia Czarna Cave; arrow 
indicates sampling place

the W estern  C arpath ians. In th is paper, how ever, w e w ould 
like to  describe and  in terp re t the m anganese flow stones 
w hich  w ere  found in th e  eastern  p art o f  Jask in ia  C zarna 
C ave in th e  T atra M oun ta ins during  the exploration  in 1992. 
The m ain  results w ere  ob tained  by m eans o f  pétrographie/ 
m inera log ical analyses. P re lim inary  results concern ing  the 
above prob lem  have been  already  reported  in th e  m aterials 
o f  local sym posium  (G radzińsk i et al., 1995).

GEOLOGICAL SETTING

Jask in ia  C zarna C ave is located  on  the eastern  slopes o f  
the D o lina  K ośc ie liska  V alley  in the T atra  M ts. at an a lti
tude  o f  abou t 1200 to  1500 m  a.s.l. (Fig. 1). It is m ore than  6 

km  long (G radzińsk i e t a i ,  1985). The cave is located  in the 
tec ton ic  a lloch tonous O rgany  U n it th a t is a  part o f  the allo- 
ch tonous C zerw one W ierchy  U nit. M ost o f  the cave p as
sages o rig inated  in M iddle  T riassic  dolom ites and lim e
stones, and  only the eastern  parts o f  the cave o rig inated  in 
U pper Ju rassic -L ow er C retaceous lim estones o f  the H igh- 
T atric  Succesion  (R udn ick i, 1967; G rodzick i, 1978). Jas
k in ia  C zarna C ave is p robab ly  L ate T ertiary  in age (R u d 
nicki, 1967; G łazek e t a l., 1979).

T he con tac t be tw een  M iddle T riassic carbonates and 
U pper Ju rassic -L ow er C retaceous lim estones is w ell v isible 
in the eastern  part o f  Jask in ia  C zam a  C ave. T he beds are 
overturned , d ipp ing  45° to 55° SEE in this part o f  the cave. 
T he con tac t is conco rdan t w ith bedd ing  in th e  scale o f  the 
cave. C om m only , nep tun ian  dykes filled  w ith  ?B ajocian  
p ink  crino idal lim estones penetra te  M iddle T riassic ca rbon 
ates below  the co n tac t zone. S im ilar nep tun ian  dykes o f  
variab le  size and o rien ta tion  occur in an analogous geo log i

cal situation  in  several ou tcrops o f  the H igh -T atric  S ucces
sion in th e  T atra  M ts., e.g. in M ała  Ś w istów ka (S zu lczew ski, 
1963a) and W yżn ia  Św istów ka (G rochocka-R ećko , 1963).

C ontrary  to  the v iew  o f  G rodzick i (1978), th e  d iscussed  
contac t betw een M iddle T riassic  ca rbonates and  U pper Ju- 
rassic-L ow er C retaceous lim estones is no t tec ton ic . O nly  
sm all-scale  tec ton ic  slides be tw een  beds, deve loped  during 
fo lding, can be observed. It is a  sed im en tary  contac t, and a 
huge stratig raphie gap is caused  by  tem porary  lack  o f  depo 
sition and erosion. In the C zerw one W ierchy  U nit, d iverse 
M iddle  Jurassic  deposits co v er eroded  M idd le  T riassic  de
posits (L efeld , 1979). Ju rassic  deposits a re  rep resen ted  by 
locally  occurring  B ajocian  c rino idal lim estones and  red  B a- 
thon ian  lim estones w ith rich nek ton ic  fau n a  and  a strom a
to lite  (K rupianka L im estone F orm ation), and  by  partia lly  
nodular, p ink  and greyish  C allov ian  lim estones (a  part o f  the 
R ap taw icka  T u m ia  L im estone F orm ation ) (G rochocka-R eć
ko, 1963; S ieciarz, 1963; Szu lczew ski, 1963a; B ac  & G ro- 
chocka, 1965). T he form al lithostra tig raph ic  un its  w ere  d is
tingu ished  by L efeld  (1985). B athon ian  strom ato lite  is im 
pregnated  by  iron oxides (S zu lczew ski, 1963b). T he occur
rence o f  haem atite  crusts in  no d u lar C allov ian  lim estones 
directly  overlaing T riassic  carbonates w as observed  in  the 
w estern  part o f  the C zerw one W ierchy  u n it (B ac & G ro- 
chocka, 1965).

D iagenetic  im pregnations o f  the iron and  m anganese 
oxides, v isib le exclusively  in  th is cave, occu r in M iddle 
T riassic  carbonates, as w ell as in U pper Ju rassic-L ow er 
C retaceous lim estones around  the con tac t zone betw een  
these  deposits. Iron  and m anganese  m inera ls and ca lc ite  fill 
num erous sm all veins, w hich  are up to  0.5 m m  w ide. O ne o f  
th e  exam ined  sections con tains d iagenetic  deposits, w hich 
occur betw een  M iddle  T riassic carbonates and  U pper Ju ras
sic lim estones. T hey  contain  sigm oidal calc ite  cem ents (cf. 
R am say  & H uber, 1989), iron -m anganese  structu res o f  the 
opaque F ru texites-type (cf. B öhm  & B rechert, 1993), and 
clasts o f  T riassic  dolom ites. T hese clasts d isp lay  d istinct 
features o f  p ressu re  d issolution.

MATERIALS AND METHODS

T he exam ined  flow stones are developed  on  the w alls  o f  
the cave exclusively  on the substrate  en riched  in iron and 
m anganese m inerals c lose to  the con tac t zone  betw een  M id
dle T riassic  carbonates and U pper Ju rassic -L ow er C reta
ceous lim estones. T heir m ost advanced  deve lopm en t can  be 
observed  d irectly  on the above m en tioned  d iagene tic  depo
sits. T he flow stones form  irregu la rly  shaped  crusts w hich 
occur locally  in the iso lated  form s. T he d iam eter o f  the 
crusts ranges from  a few  cen tim eters to a few  decim eters. 
T he external surface o f  the crusts is b lack  in co lour and 
d isplays an earthy  luster. It is co rroded  as ind ica ted  by 
distinct, irregular corrosional pits. T he iso lated  fo rm  o f  oc
currence is p robab ly  due to  the corrosion . T he th ickness o f  
the crusts ranges from  about 2 to  m ore than  20 m m . Som e 
parts o f  the flow stones are covered  w ith  a ca lc ite  speleo- 
them  w hich  is up to 4 m m  thick.
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Table 1

C hem ical com position  o f  m anganese  flow stones 
and  o f  h o st d iagene tic  deposit; 

m ean  da ta  for 5 sam ples, * m ean  data  for 3 sam ples

T he sam ples w ere co llec ted  from  m anganese flow 
stones and  from  d iagene tic  deposits occurring  in their sub
strate. T hese  sam ples w ere  exam ined  in the laboratory  using 
m icrosop ic  observation , chem ical, and X -ray  d iffraction  
analyses.

M icroscopy: T he sam ples exam ined  w ere collected  
from  m anganese  flow stones, together w ith th e ir substrate. 
E igh t th in -sec tions w ere  prepared . T hey have been  analysed 
by m eans o f  pétrograph ie  m icroscope. S canning electron 
m icro scope (S E M ) im ages w ere  ob ta ined  from  natural p a rt
ing surfaces and  po lished  su rfaces e tched  in 2 .5%  H N O 3 for 
2.5 and  5 sec, respectively . A  JE O L  JSM -840 SEM  coupled  
w ith  a m icrop robe L ink A naly tica l A N  10/85S w ere used.

C hem ical analyses: T he w ashed  sam ples w ere  crushed 
and po w d ered  in a ball m ill. T hey w ere  d isso lved  in w arm  
18.5%  HC1, or m elted  w ith  N a2C 0 3  and d isso lved  in  co ld  
HC1. C a con ten t w as dete rm ina ted  using  com plexom etric 
titra tion . A tom ic  absorp tion  analyses (A A S) w as applied  to 
estim ate  M n, Fe, M g, N i, and  Co contents using the A SA  
Perk in-400  atom ic absorp tion  spectrom eter (E lm er product) 
w ith  a ir-acethy len  flam e.

X -ray  d iffraction  (X R D ) analysis: X R D  patterns w ere 
recorded  by step  scanning, w ith  a Ph ilips d iffractom eter and 
C u K a  rad ia tion , 0 .05°step-size , 1 sec. counting  tim e per 
size, and  w ith  a 5-50° 2 0  range o f  the tak e -o ff angle.

RESULTS

T he chem ical com position  o f  the  m anganese flow stones 
w as determ inated  using  chem ical analysis. M anganese is the 
dom inan t e lem en t o f  the exam ined  flow stones. Iron con ten t 
is in sign ifican t (Tab. 1). T he sam ples also contain  C a and 
M g, as w ell as sm all am ounts o f  Co and N i. Si, A l, Ba, and 
K w ere  detec ted  only  by m icroprobe analyses. T he d iffer
ences betw een  the M n/Fe ratio  in the flow stone and in their 
substrate  are very  d is tinc t (T ab. 1).

L ack  o f  d is tinc t peaks in the d iffractogram s indicates an 
a lm ost to ta l absence o f  crysta lline  phases and  p resence o f  
am orphic  substances in the flow stones (Fig. 2). O nly in tw o 
sam ples, the possib ility  o f  occurrence  o f  todorokite  cannot 
be excluded  on the basis o f  m ost in tensive reflexes. H ow 
ever, the  p resence  o f  these  m inerals has not been  proven. 
A lso on ly  sporad ic  occurrences o f  crysta lline  phases w ere 
observed  in the SEM  im ages.

A ccord ing  to the above p resen ted  data, it can  be con-

2 theta

Fig. 2. Characteristic shape o f diffractograms indicating pres
ence o f amorphic material, sample from manganese flowstone

eluded  tha t the exam ined  flow stones are m ain ly  com posed  
o f  am orphic  m anganese substances, w h ich , m oreover, con 
tain  som e am ount o f  C a and  M g. T h e ir  chem ical con ten t can 
be re la ted  to  b im essite  o r varie ties there  of, nam ely  buserite , 
in  w hich  Ca, M g, M n, K , and  H 2O occur betw een  the M n 
octahedral sheets (Post, 1992; U sui &  M ita, 1995).

It has been  proven  tha t the flow stones exam ined  under 
the m icroscope in transm itted  ligh t are opaque. T hey  are 
com posed  o f  dom e-like structures abou t 100-150 |im  in 
diam eter, w hich are c learly  v isib le  in the SE M  m icrographs 
(Fig. 3). T he central parts o f  the dom es are characterized  by 
a dense non-porous m icro fabric  (F ig. 4). T he ou ter parts o f  
the dom es and the in ter-dom e spaces show  porous m icro fab 
ric. T his porous m icrofabric  is com posed  o f  dense ly  packed, 
irregularly  tw isted  filam ents w hich  are m ore  than  10 p.m

Fig. 3. General view of dome-like structure composing manga
nese flowstone; SEM photomicrograph, scale bar 100 |im

long (Fig. 5) bu t only 1 to  2 p m  in d iam eter. Som e o f  the 
ad jacen t filam ent agglom erates and  the bo rders betw een 
them  are d ifficu lt to  d istinguish .

G lobu lar bodies, oval o r c ircu lar in shape, occu r in the 
porous m icrofabric  (Fig. 6 , 7). T hey  are  from  0.5 to  3 pm  in 
diam eter. The g lobu lar bodies d isp lay  e ither a sm ooth  or 
sharply  irregu lar surface  w ith  sharp  irregularities. Som e o f

Mn
(%)

Fe
(%)

Ca
(%)

Mg
(%)

Ni
(ppm)

Co
(ppm)

Mn/Fe

Flowstones 48.3 0.67 6.14 1.86 443* 822* 72.1

Substrate 2.98 2.25 27.95 1.75 490* 406* 1.32
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Fig. 4. Detailed view o f dome-like structure, non-porous mi
crofabric in central parts o f  domes and porous microfabric in their 
outer parts and inter-dome spaces. Domes are developed due to the 
faster growth of colony caused by quickest reproduction of micro
organisms (probably bacteria); SEM photomicrograph, scale bar 
50 uni

Fig. 6. Globular body of microbial (bacterial or fungal) origin 
occuring within porous microfabric; SEM photomicrograph, scale 
bar 1 |.im

Fig. 5. Detailed view o f porous microfabric composed of fila
ments and globular bodies (large arrow), agglomeration o f adja
cent filaments is visible (small arrow); SEM photomicrograph, 
scale bar 10 |im Fig. 7. Globular body of microbial (bacterial or fungal) origin: 

visible sharp outline is due to mineralization processes; sample 
etched in HNO3 for 2.5 sec.; SEM photomicrograph, scale bar 1 
|.im

them  form  clum ps, w h ich  are m ore than  5 |im  in d iam eter 
(Fig. 8), others are d is tinctly  fixed  to  the filam ents. In the 
latter case, the borders betw een  them  and the filam ents are 
ob literated  and, sim ilarly  as betw een ad jacen t filam ents, 
d ifficu lt to  determ ine (Fig. 5).

DISCUSSION

T he origin o f  variab le  m anganese deposits is ex ten 
sively  d iscussed  in literature , especially  their b iogenic v e r
sus non-b iogenic  o rig in  (M arshall, 1979; N ealson , 1983; 
G hiorse &  E hrlich , 1992). Som e authors op t for the in flu 
ence o f  m icroorgan ism s on the orig in  o f  m anganese depos
its, fo r instance deep-sea  (G reenslate , 1974), fresh-w ater 
(D ubyn ina , 1980; C hapn ick  e t al., 1982), and soil nodules 
(R obbins, e t al., 1992), as w ell as desert varnish (P alm er et

al., 1986) and spring  deposits (H ariya  &  K ikuchi, 1964; 
M ustoe, 1981). M oreover, p rec ip ita tion  o f  m anganese ox
ides by m icroorganism s w as show n in several experim ents 
(e.g. N ealson  & Ford, 1980; N ealson  & T ebo , 1980; M us
toe, 1981; Em erson et al., 1982; D iem  &  S tum m , 1984; 
G reene & M adgw ick, 1988). B io log ica lly -induced  and b io 
log ically -contro lled  processes o f  m anganese-ox ide  p rec ip i
ta tion  have been d is tingu ished  (S k inner &  F itzpatrick , 
1992). In the form er o f  o f  these  p rocesses, m anganese ox
ides are p rec ip ita ted  ex ternally  onto m icrobial cells as a 
result o f  the influence o f  m icroorgan ism s on the envirom ent, 
especially  through changes in pH  and Eh. T he  latter process 
is connected  w ith prec ip ita tion  o f  m anganese  oxides w ithin 
the cells or organs o f  m icroorgan ism s, p robab ly  by  m eans o f  
enzym es. H ow ever, a lot o f  con troversies concern ing  the 
b io logical p recip itation  o f  m anganese oxides still exists 
(G hiorse &  E hrlich , 1992).
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Fig. 8. Irregular three-dimensional clumps composed of 
globular bodies o f microbial origin; sample etched in HNO3 for 
2.5 sec.; SEM photomicrograph, scale bar 10 |im

O R IG IN  O F  IN T E R N A L  S T R U C T U R E S

T he size and shape o f  filam ents, co -occurring  g lobular 
bodies and  th e  dom e-like structures they  form  suggest their 
m icrobial origin. C orrect de term ination  o f  th e  orig in  o f  
these  structu res is d ifficu lt because  o f  their state o f  p reserva
tion . H ow ever, it is possib le  to  com pare the exam ined  struc
ture to the m inera lized  ones described  so far.

D istinc t dom e-like structures in the exam ined  flow 
stones (F igs 3, 4) can be caused  by  b iogenic  p rocesses. Such 
a shape is ty p ica l o f  recen t bacte ria l co lon ies (C arlile , 1979). 
T he cen te rs o f  the bacteria l co lon ies are pushed  up, this due 
to the  fac t th a t these cen te rs are the area o f  qu ickest rep ro 
duction . C onsequen tly , th e  dom es are form ed. A nalogous 
structures o f  sim ilar size o ccu r in m odem  m anganese spring 
deposits in th e  H okkaido Island  (U sui &  M ita, 1995, fig. 
6 a). A  sim ilar, a lthough sm aller by one order o f  m agnitude 
structure w as docum ented  in the T uronian  m icrobial phos- 
phatic  strom ato lites described  by K rajew ski e t al. (1994, fig. 
19).

T he o rig in  o f  filam ents (F ig. 5) m ay  be related  to cy an o 
bacteria  (b lue-green  algae), fungi, o r bacteria. T he to tal 
darkness deep  in the cave, w here  the flow stones w ere sam 
pled , suggests tha t fungi and  bacte ria  are m ore likely to 
appear there . Such postu la tion  can be taken  into account in 
fu rther d iscussion . A cco rd ing  to  K lappa  (1979), fungal fila
m ents are characterized  by  constan t d iam eter and are no t 
tw isted . H ow ever, fungal hyphes ob tained  in the experi
m ents carried  ou t by Jones and P em berton  (1987) w ere 
d istinctly  tw isted . M oreover, the exam ined porous m icro- 
fabrics are  very  sim ilar to  those  o f  m anganese oxides ob
ta ined  in the experim ents o f  G olden  et al. (1992, photo  1). In 
these experim ents, the fungi w ere incubated  and propagated  
on a substrate  rich in m anganese . T he m anganese oxides 
p rec ip ita ted  w ith in  the fungal m ycelium . A s the resu lt o f  
this experim en t, a  porous, so -ca lled  “open fab ric” , com 
posed  o f  buserite , w as form ed.

A lthough  the porous m icro fab rics appear to  be o f  fungal 
origin, their bacterial orig in  canno t be excluded . Jones and 
M otyka (1987, fig. 4C -D ) illustrated  a  sim ilar m icrofabric , 
called  “the re ticu lar pa tterns” , w hich  occurs in  an opaque 
substance w ith in  calc itic  sta lactites. T he substance  is com 
posed  m ain ly  o f  M n and Ca, and subord inate ly  o f  A l. T he 
cited au thors postu la ted  bacteria l orig in  o f  the substance. 
M oreover, som e structures sim ilar in size and  shape to  the 
exam ined  filam ents have been recogn ized  in the C retaceous 
pelagic phosphorous strom ato lites in Spain (M artin -A lgarra  
&  V era, 1994, fig. 17). T hey  w ere  in terpre ted  as “string  
co lonies o f  bacte ria” . H ow ever, con trary  to  th e  exam ined  
m icrofabric, the filam ents in these  co lon ies w ere  m ore 
densely  packed  and consequently  bu ilt a  non-porous m icro- 
fabric. The filam ents in question  are sim ilar to  the  b ranches 
o f  the star-shaped colony o f  bacte rium  M etalogenium  sp. 
(cf. C rear e t a i ,  1980). It is w orth  p o in ting  o u t that this 
bacterium  can prec ip ita te  m anganese  ox ide (e.g. M arshall, 
1979; D ubynina, 1980).

T he exam ined  g lobular bodies in the  porous m icro fab ric  
(F igs 6 , 7) are p robably  m inera lized  bodies o f  bacte ria  or 
m ineralized  fungal spores, as suggested  by th e ir size and 
shape. T he spherical and oval shape o f  these bodies co rre
sponds w ith  tha t o f  spores o f  fungi o r the coco id  bacteria, 
despite the po ten tia l p leom orph ism  o f  the la tter (cf. N ea l
son, 1983; Jones &  K eddie, 1992). S im ilar, bu t calcified , 
bodies o f  bacte rial orig in  are reported  from  carbonate  de
posits (Jones &  M acD onald , 1989; G uo &  R id ing , 1992, 
1994; Folk, 1993), and  from  m anganese  deposits, w here 
they are com posed  m ostly  o f  m anganese  oxides (N ealson  & 
Ford, 1980; N ealson , 1983). It is w orth  po in ting  ou t th a t the 
m anganese rep licas o f  baterial bodies w ere  ob ta ined  in the 
laboratory  experim ents through b iom inera liza tion  (M ustoe, 
1981, fig. 2; N ealson  & Ford , 1980, fig. 3C; N ealson  & 
T ebo, 1980, fig. 3D ; E m erson e t a l., 1982, fig. 3E). For the 
experim ents, the bacte ria  w ere ex trac ted  from  th e  env iron
m ents o f  m anganese oxide fo rm ation . T he shape and size o f  
the exam ined  g lobular bodies are sim ilar to  those ob tained  
in the experim en t described  by  the above cited  authors.

T he size o f  sm aller g lobular bodies, w hich  are 0 .5-1 .2  
|am in d iam eter, is s im ilar to the size o f  the spores o f  som e 
fungi. S im ilar form s com posed  o f  calc ite  and covered  w ith  
fine p la te le ts  o f  m anganese ox ides w ere  found  in caliche 
deposits in the G rand C aym an Is land  (Jones, 1992a, b). 
T hey  are single or arranged  in c lusters. T he size o f  g lobular 
bodies is un ified  in the clusters, con trary  to those  under 
discussion.

T he sm aller o f  the exam ined  g lobu lar bodies form  
th ree-d im ensional clum ps (Fig. 8 ). T he shape o f  th e  clum ps 
corresponds to  th a t o f  sim ilar ones o f  ca lc ified  b ac te ria  and  
nannobacteria  described  by Folk  (1993). S im ilar form s oc
cur in the liv ing fresh -w ater strom ato lites described  by 
Szulc and Sm yk (1994), in terp re ted  as ca lc ified  clum ps o f  
bacterial cells. W e are no t able to decide  i f  the exam ined  
sm aller g lobular bodies are m inera lized  bac te ria  o r spores 
due to the ir poo r state o f  p reservation  and, m ain ly , because 
o f  the absence o f  external o rnam en ta tion . N evertheless, 
their bacterial orig in  seem s m ore p lausib le .

T he b iogenic  m icrostructures above d escribed  are char



24 M. GRADZIŃSKI, M. BANAŚ & A. UCHMAN

acte rized  by  th ree-d im ensional m orphology  and the lack  o f  
co llapse. T his can be seen as th e  ev idence for b io log ically  
m ed ia ted  m ineralization  p rocesses. T hese processes oc
curred  w h ile  the o rgan ism s w ere  alive or during  the ir death  
(cf. Johnes &  K ahle, 1986; Jones &  M acD onald , 1989). It 
can b e  concluded  th a t th e  m icroorganism s, m ain ly  bacte ria  
and fungi, p layed  an  ac tive  ro le in  the form ation  o f  the 
exam ined  flow stones.

T he am orphic  sta te  o f  the m anganese oxide com posing  
the flow stones strongly  supports the concept o f  the ir m icro 
bial orig in . T he am orph ic  state o f  m anganese oxides is m uch 
m ore com m on in deposits  o f  b iogenic  origin and is regarded  
as one o f  the d iagnostic  crite ria  o f  such orig in  (R aym ond e t 
a l ,  1992).

D IA G E N E T IC  P R O C E S S E S

T he irregu lar shape  and  sharp outline o f  som e g lobular 
bod ies (F ig. 7) are p rob ab ly  connected  w ith  the process o f  
m ineralization , w hich  causes the ob literation  o f  the p rim ary  
shape o f  b iogenic struc tu res. E arly  d iagenetic  p rocesses o f  
th is ty p e  w ere  c learly  recogn ised  in carbonate  sedim ents 
(G uo & R iding, 1994; Szulc &  Sm yk, 1994; V erecch ia  &  
V erecch ia , 1994). T he  m inera lized  m icrobial bod ies be
com e centres o f  ca lc ite  crystallization  during further di
agenesis. S im ilar phenom ena  w ere  reco rded  during th e  p re
cip ita tion  o f  m anganese  oxides in  several experim ents 
(N ealson  &  Ford, 1980; N ealson  & T ebo, 1980). P rim arily  
w ell-defined  bacterial bod ies becom e centres o f  p rec ip ita
tion o f  m anganese ox ides in subsequently  phases o f  the 
experim ents. Som e irregular lum ps o f  m anganese oxides 
w ere la ter form ed a round  the centres. S im ilar early  d iage
netic  p rocesses p robab ly  caused  th e  agglom eration  o f  ad ja
cen t filam ents as w ell as the obliteration  o f  filam en t borders 
and th e ir re la ted  g lobu la r bodies in the exam ined  porous 
m icro fabric  (Fig. 5).

T he developm ent o f  non-porous m icrofabric  in the 
dom e cen tres can be a ttribu ted  to the above processes. H ow 
ever, the possib ility  o f  la te-d iagenetic  origin o f  m icrofabric 
canno t be  excluded. A n alternate  d isso lu tion  and recrysta lli
zation  can lead  to th e  fo rm ation  o f  such a m icrofabric  and 
can be caused  by a lternating  d ry ing  and  w etting  or w ea ther
ing o f  m anganese ox ides (D ixon  &  Skinner, 1992). The 
la tter p rocesses caused  th e  corrossion  o f  the flow stone sur
faces. T he insign ifican t occurrence o f  todorock ite , w hich 
can resu lt from  transfo rm ation  o f  o ther m anganese oxides 
(G iovanoli, 1980; G o lden  e t al., 1987, 1992), m ight have 
resu lted  from  d iagene tic  p rocesses as w ell.

M n /F e  R A T IO

T he M n/Fe ratio  d is tinctly  d iffers in the exam inated  
flow stones and the ir substrate  (T ab. 1). T he M n/Fe ratio  in 
the exam ined  flow stones is h igher b y  a few  orders o f  m agn i
tude  than  its average value  in sed im entary  rocks, w hich 
ranges from  1:40 to  1:60 (S tan ton , 1972). It is w orth  em pha
sizing  tha t m angenese  ox ides are less stable then  iron oxides 
(cf. M arshall, 1979; S k inner &  F itzpatrick , 1992). C onse
quently , the p rec ip ita tion  o f  m anganese oxides from  the 
solu tion  con tain ing  F e and  M n should  be accom panied  by a

precip ita tion  o f  iron oxides (K rauskopf, 1957; Stanton, 
1972; O stw ald, 1992).

So h igh M n/Fe ratio  in th e  exam ined  sam ples has no t 
been recorded  even  in deep -sea  m anganese  nodu les and 
crusts, w here its average va lue  is abou t 1:1 (C ronan ,1977 , 
tab 2-II; B o lton  e t al., 1988, tab . 5). A  sim ilarly  h igh  M n/Fe 
ratio  has been recorded  in the subm arine hydro term al m an
ganese crusts (B olton e t al., 1988, tab . 6 ) and  the m anganese 
sin ter aprons o f  continen tal ho t-springs (S tan ton , 1972, tab. 
461). B o lton  e t al. (1988 p. 81) connected  such a high 
M n/Fe ratio  in the subm arine hydro therm al deposits w ith  
“an early  p recip ita tion  o f  F e in  the form  o f  silicate , oxide, 
oxyhydrox ide or su lphide befo re  hydro therm al flu ids de
bouched  onto  the seafloor” . T his m echan ism  cou ld  n o t have 
been  applied  to  the exam ined  flow stones.

T he possib ility  o f  a  po ten tia l, selective supp ly  o f  M n in 
the solu tion  caused  by  selective d isso lu tion  is also  excluded. 
T his can be  proven  by the lack  o f  characteristics o f  selective 
d issolution  o f  m anganese ox ide  in  the substrate . Selective 
d issolution  w ould  be  inconsisten t w ith  th e  experim en t re 
sults w hich prove tha t the M n/F e  o f  d isso lved  rocks is 
sim ilar to th a t o f  the ob tained  so lu tion  (K rauskopf, 1957).

T he high M n/Fe ratio  in th e  exam ined  flow stones can 
be exp la ined  by  b io log ica lly  m ed ia ted  prec ip ita tion . The 
absence o f  calc ite  in the exam ined  flow stones suggests an 
acid  env irom ent during  the ir form ation , th e  p resum ed  pH  
level below  7.8. T he possib ility  o f  selective prec ip ita tion  o f  
m anganese by  m icroorgan ism s w as suggested  by  K rau sk o p f 
(1957), S tanton (1972), Jones and  K ahle , (1985) and  O st
w ald  (1992). M oreover, a  high M n/Fe ratio , abou t 50:1, w as 
reco rded  in the m anganese lam inae  th a t occu r in  th e  carbon
ate sedim ents o f  R ed  Sea (G arber e t al., 1981). E hrlich  and 
Z apkin  (1985) postu la ted  tha t m anganese  oxides from  the 
lam inae are o f  b iogenic  origin.

D E P O S IT IO N A L  R A T E

H em  (1981) ca lcu la ted  th e  p rec ip ita tion  ra te  o f  inor
ganic m anganese oxides to  b e  approx im ate ly  a  few -ten ths o f  
a m illim eter per m illion  years. T he neg lig ib le  sign ificance 
o f  inorganic p recip ita tion  o f  m anganese  ox ides from  so lu
tion  is confirm ed by  experim en t da ta  (D iem  & Stum m , 
1984). T ak ing  into account the evolu tion  o f  th e  T a tra  M ts., 
the  exam ined  flow stones are m o s t p robab ly  n o t o lder than 
L ate M iocene in age. T he tim e  o f  th e ir fo rm ation  w as p rob 
ab ly  strongly  lim ited  by  L ate  P liocene  c lim atic  coo ling  and 
P leistocene g laciations. It can be  ca lcu la ted  th a t the  period  
o f  po ten tia l availab ility  o f  a m anganese  bearing  solu tion  
w as no t long enough to allow  th e  fo rm ation  o f  several-m m - 
th ick  flow stone. T he prec ip ita tion  processes o f  the exam 
ined  flow stones w ere m ost likely  m uch  m ore  effic ien t tha t 
know n inorganic processes. T h is strongly  suggests b io logi
ca lly  m ediated  prec ip ita tion  (cf. G hiorse &  E hrlich , 1992), 
since these p rocesses are faster b y  several o rder o f  m agn i
tude. Several exam ples o f  very  fast m icrob ia lly  m ediated  
oxidation  o f  m anganese in natural cond itions w ere  de
scribed. F or instance, M arshall (1979) p ro v id ed  several ex
am ples o f  such processes. T he ir occurrence  in hydroelectric  
p ipelines resu lted  in p rec ip ita tion  o f  1 0 -m m -th ick  layer o f
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m anganese oxides w hich only  lasted  h a lf  a year. S im ilar 
annual ra te  o f  p rec ip ita tion  o f  m anganese oxides w as noted  
in ho t-sp ring  deposits o f  the Y uno-T aki Springs in Japan, 
w here the p recipation  processes are accelerated  by m icro 
bial m ed iation  (U sui &  M ita , 1995). C hapnick  et al. (1982) 
suggested  the influence o f  m icroorgan ism s on  precip itation  
o f  m anganese  oxides in O neida  L ake, w here the p rec ip ita
tion  rate is about 1 m m /y  (D ean  e ta l .,  1981). M oreover very 
h igh rate  o f  m icrobially  m ed ia ted  p recip ita tion  o f  m anga
nese w as, m oreover, revealed  in several experim ents (cf. 
N ealson  & Ford , 1980; N ea lso n  & T ebo, 1980; M ustoe, 
1981).

CONCLUSIONS

1. T he flow stones from  Jask in ia  C zarna C ave are m ade 
up o f  am orph ic  m anganese oxides.

2. T he flow stones are com posed  o f  dom e-like structures 
w hich  are characterized  b y  non-porous m icro fab ric  in the 
dom e cen tres and porous m icro fab ric  on the ou ter parts o f  
the dom es as w ell as in the in ter-dom e spaces. T he porous 
m icro fabric  is com posed  o f  filam ents and  co-occurring  
g lobu lar bodies.

3. T he filam ents and g lobu lar bodies are o f  b iogenic 
origin. T hey  are m ineralized  bodies o f  bacte ria  and /or fungi. 
S im ilar struc tu res, ob ta ined  in som e experim ents and ob
served  in fossil m aterials, a re  described  in several pub lica
tions.

4. N on-po rous m icro fab ric  in the centre o f  dom es and 
ob literation  o f  the b iogenic  structures is caused  by d iage
netic processess.

5. A  very  high M n/Fe ratio  in the flow stones indicates a 
p referencia l p recip ita tion  o f  m anganese oxides by m icoor- 
ganism s.

6 . T he accum ulation  ra te  o f  flow stones is m uch h igher 
than  th a t know n during ino rgan ic  p recip ita tion , w hich sug
gests a m icrob ia lly  m ediated  precip itation .

7. A  zone o f  concat betw een  M iddle T riassic  carbonates 
and U pper Ju rassic  - L ow er C retaceous, rich in M n/Fe, is 
m ost p robab ly  the source o f  the M n.
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S tr e s z c z e n ie

B IO G E N IC Z N E  P O C H O D Z E N IE  P O L E W  
M A N G A N O W Y C H  W  JA S K IN I C Z A R N E J  

W  T A T R A C H , K A R P A T Y  Z A C H O D N IE

M ichał G radziński, M icha ł B anaś & A lfred  U chm an

We wschodniej części Jaskini Czarnej stwierdzono wystę
powanie polew zbudowanych ze związków manganu. Polewy 
mają miąższość od 2 do 20 mm i występują w postaci nieregu
larnych płatów na ścianach jaskini. Platy mają rozmiary od kilku
nastu centymetrów do kilku decymetrów. Polewy mają korozyjną 
zewnętrzną powierzchnią. Części polew manganowych sąpokiyte 
polewami kalcytowymi o miąższości do 4 mm. Celem badań było 
określenie genezy polew manganowych.

Występowanie polew manganowych jest związane z kontak
tem utworów środkowego triasu i malmo-neokomu widocznym w 
wielu miejscach we wschodniej części Jaskini Czarnej (Fig. 1). 
Kontakt ten błędnie uważany za kontakt tektoniczny, ma w rze
czywistości charakter luki stratygraficznej związanej z usunięciem 
osadów i okresowym brakiem depozycji. Zarówno utwory triasu 
jak i malmo-neokomu w pobliżu kontaktu są diagenetycznie 
wzbogacone w tlenki żelaza i manganu. Ograniczone występowa
nie polew manganowych wskazuje na pochodzeniu budującego je 
manganu ze strefy kontaktu utworów triasu i malmo-neokomu.

Średnią zawartość głównych pierwiastków w polewach man
ganowych i ich podłożu przedstawia Tabela 1. Badane polewy są 
zbudowane głównie z amorficznych tlenków manganu (Fig. 2). 
Obserwacje w SEM wykazały, że polewy zbudowane są z form 
kopulowatych o średnicy ok. 100-150 |.im (Fig. 3). Centralne 
części kopuł charakteryzują sie zwartą, a peryferycznc porowatą 
mikrowięźbą (Fig. 4). Elementami budującymi porowatą mik- 
rowięźbę są nieregularnie zwinięte klaczki o średnicy do 2 (im 
(Fig. 5), oraz ciała globularne o owalnych lub okrągłych kształtach 
i średnicy 0,5 - 3 (.un (Fig. 6-8).

Formy analogiczne do opisanych cial globularnych są w lite
raturze opisywane jako zmineralizowane ciała bakterii. Są one 
powszechne przede wszystkim w formie skalcyfikowanej w róż
norodnych osadach węglanowych, ale opisano także podobne for
my zbudowane z tlenków manganu. Analogiczne struktury otrzy
mane w wyniku eksperymentalnej mineralizacji cial bakteryjnych 
są opisywane w literaturze. Również w wyniku eksperymentów, 
po inkubacji grzybów na podłożu bogatym w mangan, otrzymano 
formy o charakterystycznej mikrowięźbie podobnej do występu
jącej w opisywanych polewach manganowych.

Obecność struktur biogenicznego pochodzenia (bakteryjnego 
i grzybowego) sugeruje czynny udział mikroorganizmów w wy
trącaniu tlenków manganu budujących omawiane polewy. Wnio
sek powyższy potwierdza: (i) amorficzna forma tlenków manganu, 
która zdecydowanie częściej charakteryzuje utwory biogenicz
nego niż abiogeniczncgo pochodzenia, (ii) miąższość polew, która 
gdyby były one wytrącane wyłącznic na drodze fizykochemicznej 
świadczyłaby o długotrwałym (rzędu setek tysięcy lat) czasie po
wstania polew, co jest trudne do przyjęcia, oraz (iii) oraz separacja 
manganu od żelaza świadcząca o preferencyjnym wytrącaniu 
manganu (Tab. I).




