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ABSTRACT:

GRruszczyNski, M., KowaLskl, B.J., SOLTYSIK, R. & HErRcMAN, H. 2004, Tectonic origin of the unique Holocene
travertine from the Holy Cross Mts.: microbially and abiologically mediated calcium carbonate and manganese oxide
precipitation. Acta Geologica Polonica, 54, (1), 61-76. Warszawa.

Recent tectonic activity of the main dislocation within the Palaeozoic core of the Holy Cross Mts. led to formation of
a large travertine dome of Holocene age. The main body of the travertine is built up of extremely fast crystallized cal-
cite from highly supersaturated solutions derived from hydrothermal waters circulating through the tectonic disloca-
tion. Many calcite crystals display the remains of calcified bacilliform bacteria rods suggesting an essential part, of the
calcite crystallization process was on a bacterial precursor. Successively, after the micrite calcite travertine frame had
been formed, almost pure monoclinic manganese oxide (o-MnQ,) precipitated filling part of the remaining porosity.
The unique characteristics of manganese oxide crystallization also suggest a very fast process of manganese oxidation
due to increase in Eh and the activity of abundant fungal species which might be associated with a specific symbiotic
bacterium. Specific arrangement of the a-MnO, crystals into the rosettes seems to be achieved by fast evaporation of
upwards migrating solutions from the tectonic zone. The last in this succession is calcite cement filling the pores, main-
ly in the upper part of the travertine frame. Generally, this was abiologically mediated process of precipitation of cal-
cium carbonate due to rapid degassing of carbon dioxide and occasionally, in the top of the travertine dome, due to
direct precipitation from the ground waters.

Key words: Precipitation of calcium carbonate, Manganese oxides, Travertine, Holocene,
Tectonic dislocations, Holy Cross Mts.

INTRODUCTION

According to SANDERS & FRIEDMAN (1967) traver-
tine can be understood as all non-marine limestone
accumulations formed in lakes, rivers, springs and
caves. However, within all other English speaking cul-
tures those calcareous deposits have been called tufas

(Forp & PEDLEY 1996), which is similar in Polish ter-
minology, apart from speleothems i.e. cave limestone
accumulations (SzuLc 1983). There are still different
points of view on all those deposits describing finely
crystalline deposit or incrustation formed by rapid pre-
cipitation of calcium carbonate from cold or thermal
waters in a surface environment as travertine (TURI
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1986) or even adopting the term travertine for all above
mentioned deposits (PENTECOST 1993, 1995;
PENTECOST & VILLES 1994). We have followed FORD
& PEDLEY (1996) terminology. For the purpose of the
present paper we use the term travertine as a synonym
of thermal or hydrothermal calcareous deposits which
lack visible organic remains, whereas tufa maens to us
all the calcareous deposits derived from land waters of
cool and ambient temperature. Therefore, calcareous
deposits observed in Carpathian Mountains (HALICKI

& Lirpopr 1932, GRUSZCZYNSKI & MASTELLA 1986,
CaBaLova 1991, MASTELLA 2001, ALEXANDROWICZ &
GERLACH 1983) should be called tufas, for they form
incrustations on plants or vegetal remains due to rapid
precipitation of calcium carbonate from hydrothermal
and/or surface waters. The hydrothermal origin of
those tufas is not so apparent as in the case of the
young, active tectonic regions such as Aegean or north-
ern Apennines, or Basin and Range Province in the
USA where calcareous deposits — travertines, in this
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Fig. 1. A — Sketch-map of Poland with location of the Holy Cross Mountains marked by a rectangle; B ~ The major structural units of the Holy Cross

Mountains (HCF = Holy Cross Fault) with location of the general area with travertine occurrences; C ~ Geological sketch-map of the general area with

travertine occurrences and with location of the studied area presented in Text-fig. 2
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case, form gigantic positive morphological structures
within the fault zones (HANCOCK & al. 1999). The phe-
nomenon such as a large calcareous dome discovered
(CzarNockr 1928; FiLoNnowicz 1968, 1969, 1980) with-
in the old Palaeozoic tectonic region (Text-fig. 1), of the
Holy Cross Mts., Central Poland, is rather unique.
FiLoNnowicz (1968, 1969) considered the calcareous
dome of the Holy Cross Mts. to be created rather by
carbonate rich rain and occasionall snow melt waters
percolating through loess covers adjacent to the traver-

tine (Text-fig. 2), rather than by hydrothermal water
reaching the surface through the fissures within the
fault zone (Text-fig. 2). Therefore, the main purpose of
the present paper was, after defining the age of the cal-
careous dome, to look through the main petrographic
and geochemical features of the internal structure of
the dome in an attempt to solve the problem of its ori-
gin. Secondly we wanted to look in details at the car-
bonate and other minerals crystal forms of the internal
structure expecting some specific appearances.

Y

30
f{

-
/

rr

Fig. 2. Geomorphological sketch (of the area marked in Fig. 1) showing location of the calcareous dome against the main fault and the system of little val-

leys of different origin developed within the fault zone. 1) trough valley; 2a) gills; 2b) gorges; 3} troughs; 4) calcareous deposit dome; 5) alluvial fans of

silts; 6) agriculture terraces; 7) road cuts; 8) erosional cuts; 9) faults
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Geological position of the calcareous dome

Despite controversies about whether there were two
diastrophic events (Caledonian and Variscian according
to DADLEZ & al. 1994, ZNOSKO 1995, KOWALCZEWSKI &
DaDLEZ 1996), or only one, Variscian orogenetic event
(Mizerski 1995, 2000) in the Lysogbry Unit, there were
two domains formed (Eysogdry Anticline and Bodzentyn
Syncline). The whole Eysogéry Unit defined mainly by
transverse faults, steep normal and translation faults. The
major component of this tectonic system is the Lysogory
Fault (CzARNOCKI 1950, Mizersk1 1978) with a group of
minor faults attached to the major fault (Text-fig. 1).
Considerable new evidence of neotectonic and contempo-
raneous tectonic activity has been recently observed in the
zone of the Eysogbry Fault (KowaLskr 1998, 2000;
MasTeELLA & Mizerskl 2002). The most visible expres-
sion of this activity is registered by nearby earthquakes
(Janczewskr 1932) and structural elevations and depres-
sions (KowaLsk1 2002) causing deformations of the origi-
nal river courses (middle Stupianka and middle
Pokrzywianka). The examined dome lies just within the
zone of secondary faulting adjacent to the Eysogory Fault
(Text-figs 1, 2). It is a normal-translation fault of NNE-
SSW direction cutting through Devonian siliciclastic sedi-
mentary sequences of clays, silts and sandstones.

General description of the calcareous deposit

The examined calcareous deposit is extremely hard
rock without any visible organic remains within the rock.
Assuming its location within the zone of faulting and the
observed structure we called travertine the examined
deposit. The travertine is located in the depression of the
passage between Chelmowa Hill and Pokrzywianka Hill
(Text-fig. 2), and represents a geological tourist attraction
(STUPNICKA & STEMPIEN-SAEK 2001). The travertine
forms an almost circular dome morphologically of, at
least, 7 m height and 60 m in diameter (Text-fig. 2). The
dome is quite asymmetrical for it was cut during the road
work. The slopes of the dome are quite gentle (from 8-14
degrees).

MATERIAL AND METHODS

‘We have taken several tens.of samples from the top of
the travertine dome and from the bottom about a meter
above the contact between the travertine and Devonian
sandstones of the Palaeozoic basement. All the samples
were carefully washed to remove contamination. Some of
the samples were treated with acetic acid to establish the

presence of any structures resembling crystal or bacterial
shrubs (CHAFETZ & FoOLK 1984, CHAFETZ & GUIDRY
1999) flat-cut surfaces and sent for age determination.
Some other samples were thin sectioned and these, pol-
ished thin sections were used for petrographic investiga-
tions under polarized microscopy. After carbon coating,
selected thin sections were examined using the SEM
Philips XI-40 for detailed distribution and appearance of
major mineral components of the travertine due to BSE
and EDAX examinations. Chips of the fractured rock
samples, some of them etched in 0.5% acetic acid, were
examined using SEM and BSE images to identify the dis-
tribution and texture of the mineral constituents of the
travertine. We have selected samples for stable carbon
and oxygen isotope ratios analyses; three pieces among
the several tens of samples from the top and three pieces
among the ten samples from the bottom of the travertine.
All these pieces were randomly chosen. Powdered calci-
um carbonate of the selected pieces were analysed for the
BC/2C and ¥0O/'0 ratios using Finigan MAT DELTA +
mass spectrometer, housed at the common laboratory of
the Institute of Paleobiology and Institute of Geological
Sciences Polish Academy of Sciences, and the results
have been calculated versus PDB.

AGE DETERMINATIONS AND SEM
OBSERVATIONS, AND GEOCHEMISTRY
OF THE TRAVERTINE

The major component of the travertine either at the
top or in the bottom of the dome is micritic calcite (FOLK
1965, BATHURST 1971). And this micrite seems to be the
primary deposit in the travertine frame. Within the micrite
there have been found randomly distributed quartz grains,
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Fig. 3. Age distribution for basal layer of the calcareous dome obtained
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sometimes distributed into patches or layers. There is also stained with manganese oxides. There are also rare grains
some kaolinite in the upper part of the travertine. In the of TiO, ~ rutile or anatas and most presumably loess gran-
bottom part of the travertine, quartz grains are usully ules visible as aggregates of minute quartz grains.

Fig. 4. A - SEM image of the calcite rhombs and other composite scalenohedral crystals in the upper part of the travertine. Some of the crystals are of

skeletal appearance and the others display dendritic outer shape. B - SEM image of the abundant composite calcite crystals with minute crystallites pro-
truding out of the crystals (arrows). These crystallites are probably calcified rods of bacilliform bacteria. Note the shield-like calcite crystals in some
places covering another crystal. C —~ SEM image of a bundle of minute rod and rod tips and calcified bacilliform bacteria rods protruding out of the crys-
tal mass (arrows). D — SEM image of the minute calcite rhombs mixed with larger composite crystals. E and F are SEM images of the remains of the
micrite matrix in the bottom part of the travertine. E - SEM image showing an aggregate of rounded nannometre-scale crystallites at the surface of the
larger calcite blocky crystals. F — SEM image of individualised patch of an aggregate of nannometre-scale crystallites surrounded by pure blocky calcite

crystals
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The age of the travertine

Basal layers of the travertine dome has been
analysed using U-series method in the U-series
Laboratory of the Institute of Geological Sciences of
the Polish Academy of Sciences (Warsaw, Poland). It
was necessary to a perform correction for the detrital
contamination by non-radiogenic U and Th isotopes
using isochrones method. Classical LL method has
been used (PRZYBYLOWICZ & al. 1991). The sample has
been divided in 6 sub-samples with different calcite —
detritus proportions. Each of the sub-samples has been
analysed using standard chemical procedure of
Uranium and Thorium separation from carbonates
(IvanovicH & HARMON 1992). The samples were dis-
solved in 6 M nitric acid, and uranium and thorium
were separated by a chromatographic method using the
DOWEX 1x8 ion exchanger. The efficiency of chemical
separation was controlled by addition of a Th - 22U
spike. Activity measurements (o spectrometry) were
obtained on a OCTETE PC spectromether of the
EG&G ORTEC company. Spectrum analysis and activ-
ity calculation were performed with the use of “URA-
NOTHOR 2.5” software (GORka 2002). Isochrones
construction and corrected activity ratios have been cal-
culated using Randomisation method (monte carlo
type procedure) (HERCMAN & DEBAENE 2003).

Corrected actrivity ratios used for age calculations
are: 24U28U = 2.42 = 0.07, 20Th/24U = 0.092 = 0.008.
Isochrone age of the sample is: 10.5 +/- 0.8 ka and the
age distribution is presented in the Text-fig. 3.

SEM observations
Primary deposit

Micrite matrix in the upper part of the travertine
displays a wide range of arrangement of calcite crystals.
There are parts of rthombic and other scalenohedral
composite crystals (Text-fig. 4A). Some of those crystals
are of skeletal appearance, and in other maintain
remains of the individual crystallites. Individual calcite

rhombs are usually 700-800 nm in diameter. There are
other parts, where larger composite crystals are com-
posed of amoeba-like crystallites and minute rhombs
(Text-fig. 4B), or an aggregate of rounded nanometre-
scale crystallites (Text-fig. 4C). Interestingly some crys-
tallites protrude out of the crystals and appear to be cal-
cified rods of bacilliform bacteria (Text-fig. 4B-C).
Some of the rods as well as nanometre-scale rounded
crystallites are visible to be merged in the crystal faces
(Text-fig. 4B-C). There are also parts in the micrite
matrix which show fewer composite crystals, or thombs
and do not show individual crystallites within them
(Text-fig. 4D).

This intensive recrystallization must have occurred in
the bottom part of the travertine for we can find only
remains of the micrite matrix (Text-fig. 4E-F). The most
common type of the structure is an aggregate of rounded
nanometre-scale crystallites at the surface of the larger
calcite blocky crystals (Text-fig. 4E). One can also find an
individualised patches of an aggregate of nanometre-
scale crystallites surrounded by pure blocky calcite crys-
tals (Text-fig. 4F). Those blocky crystals are usually lining
the pores in the travertine allowing precipitation of the
manganese oxides and occasionally bizzare composite
calcite crystals (resembling gothic-like crystals, FOLK & al.
1985) inside a pore among the manganese precipitate
(Text-fig. 5A).

Secondary deposit

The manganese is rather unique. According to the
microchemical analyses it is a pure o-MnQO,. Unlike
other manganese oxide forming mixed species enriched
in Ba, K, and Pb (BOLEWsKI 1965), the examined o-
MnO, shows only about 4% of BaO, compare to the
most common in nature psylomelane of at least 10% of
BaO plus other alkali metal oxides admixtures
(BOLEWSKI 1965), and more interestingly 2% of HgO.
The a-MnQ, precipitate is the main component occur-
ing in the pores of the bottom part of the travertine
frame (Text-fig. 5B). It also fills fissures and cracks in the
micrite matrix mainly in the bottom part of the traver-
tine (Text-fig. SE). In the case of the bottom part of the

Fig. 5. A - SEM image of the composite calcite crystal (resembling gothic-like crystals - FOLK & al. 1985) surviving inside a pore among the 0-MnO, pre-

cipitate. B — SEM image of the a-MnO, lining and filling the pores within the travertine frame. Slightly etched, with acetic acid, the fractured surface of the

piece of the travertine. C — SEM image of the 0-MnO, rosettes with a fungal thread (in the upper right corner of the photograph). D — SEM image of the

o-MnO, monoclinic crystals arranged in the rosettes. E — BSE image of the oc-I\/"[nO2 (bright colour) filling fissures and smaller pores within the travertine

frame and a specific arrangement of the «-MnO, precipitate within the large pore of the travertine (in the upper right corner of the photograph). F —~BSE

image of the a-MnO, (brighter colour) arrangement within the large pore of the travertine showing the first generation of crystals forming rosettes fol-

lowed by the second generation of acicular crystals. G — BSE image of the o-MnO, (bright colour) forming mushroom-like layered precipitates lining the

large pore of the travertine. H — BSE image of the specific o-MnO, (bright colour) arrangement showing superimposed units resembling malachite

structure. Interestingly, the outer rim of the o-MnO, units closest to the open pore display acicular arrangement of crystals
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Fig. 6. A - SEM image of slightly etched, with acetic acid, surface of the fractured piece of the travertine from the bottom part of the dome, showing a

pore lined with o-MnO, precipitates. Interestingly, precipitation of o-MnQ, is post-dated by silicified fungal threads, therefore preserving their original
shape. B — SEM image of the squashed fungal threads post-dating precipitation of 0-MnO, rosettes. One can see a spore attached to a fungal thread
(in the middle of the photograph). C - SEM image of the unidentified microbial remain (possibly cyanobacterial filament) forming, sort of, a chimney
covered by o-MnO, rosettes and surrounded by fungal threads. D —- SEM image of the unidentified microbial remains (plausible cyanobacterial fila-
ments) formfng pinnacles covered by 0-MnO, rosettes and surrounded by abundant fungal threads with remains of the fungal spore. E — SEM image
of the end fragment of the fungal tube encrusted by the a-MnO, precipitates. Interestingly, this encrusting cover of the fungal remains consist of irreg-
ular grains of manganese oxide rather than monoclinic crystals of 0-MnQO, precipitate forming rosettes. F - SEM image of the fungal network, some of

the fungal threads squashed, and remains of the spore delicately encrusted by manganese oxide grains
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travertine frame, o-MnO, fills smaller pores in the
frame almost completely, and lines and has grown into
the interior of the large pores (Text-fig. 5B). The o-
MnO, itself is usually arranged in rosettes resembling
rosettes of clay minerals such as chlorite or glauconite.
The individual crystals of o-MnO, arranged in the
rosettes are monoclinic (Text-fig. 5D) the first of two
crystallographic systems reserved by BoLEwsKI (1965)
for the 0-MnO, crystals. o-MnQO, precipitate can be of
an arrangement within the large pores of thé travertine
frame showing the first generation of crystals forming
rosettes followed by the second generation of acicular
crystals (Text-fig. SF). This is also a case of o-MnO,
common botryoidal growth forms lining the pores of the
travertine (Text-fig. 5G), where the last generation of o.-
MnO, crystals extending into the pores are of acicular
arrangement (Text-fig. SH). Siginificantly, the o-MnO,
precipitates are associated with abundant fungal
remains (Text-fig. 6). Some of the fungal threads are sili-
cified and look fresh and intact (Text-fig. 6A), and some
threads are squashed although the spores seems to be
intact too (Text-fig. 6B). This microbial, i.e. fungal inva-
sion seems to post-date the a-MnO, precipitates. There
have also been found other, unidentified microbial
remains (plausible cyanobacterial filaments resembling
Phormidium incrustafum — JANSSEN & al. 1999) forming
chimneys (Text-fig. 6C) or pinnacles (Text-fig. 6D) cov-
ered by a-MnO, rosettes and surrounded by fungal
threads. The manganese oxides encrusting the fungal
remain are rather irregular grains, and not the mono-
clinic crystals of the o-MnQO, forming rosettes (Text-fig.
6E). The fungal network display some individuals which
are squashed too, and remains of the spore however full
of manganese is only slightly encrusted by the man-
ganese oxide grains (Text-fig. 8F).

Later cements

In the upper part of the travertine dome the pores
are filled with a dense mass of bizarre looking calcite
crystals (Text-fig. 7). These crystals show a skeletal char-
acter with many fibre-like or spiky crystallites visible on
the crystal faces of elongated crystals with poorly devel-
oped terminations and crystals with cavities in terminal
faces (Text-fig. 7A). Close up views on a few crystals
show details of the spiky features and undeveloped ter-
minations of the elongated crystals. The holes appear to
be empty spaces caused by the absence of single or bun-
dles of crystallites developed terminal faces (Text-fig.
7B). A close up view on of the other cement crystals
shows their skeletal appearance (Text-fig. 7C). An exam-
ple of the spiky features of single calcite crystal without
crystal faces but showing two different directions of the

calcite fibers is seen in (Text-fig. 7D). There are other
types of the crystal assemblages filling the pores in the
upper part of the travertine frame. These are composed
of fully developed, densely packed scalenohedra. Some
of the crystals display specific ornament (little spikes) on
the crystal faces (Text-fig. 7E). Exactly the same single
crystals fill occasionally the circular pores, 30-40pum in
diameter, occurring an association within the micrite
frame (Text-fig. 7F). There are also nests of lublinite-like
crystals (Text-fig. 7G). Lublinite, distinguished by
Morozewicz (1907) as distinct calcite species because
of being calcite rhombohedrons extremely elongated
along (1011): (1101) edge, was found in the ,,moon milk”
precipitates in the caves (GRADZINSKI & RADOMSKI
1957, ASSERETO & FoLx 1980). And close observation of
calcite specimens from the original MOROZEWICZ’s local-
ity (GRUSZCZYNSKI in prep.) have presented lublinite as
a n assemblage of variable, rarely single what
Morozewicz (1907) thought, more often composite
crystals, some time much more complex than en echelon
stacking of the crystals to form a needle (Stoops 1976).
In our case, the dense mat of lublinite-like calcite crystals
is not very thick, it is just a lining of the bottom of the
pore within the travertine frame (Text-fig. 7G). Close up
view on the single needles within the mat reveal com-
posite structure of some needles (Text-fig. 7H).

The later cement in the pores within the bottom part
of the travertine frame is represented by the mass of
bizarre calcite crystals (Text-fig. 8A). SEM image of the
enlarged bizarre crystals reveal spheres, some composite
but many rounded and rod-like crystallite forms (Text-fig.
8B). Within the calcite composite crystals filling the pore
we have found unexpectedly unidentified microbial, silici-
fied bulbous remains (Iext-fig. 8C). The detailed SEM
image of one of the unidentified microbial bulbous
remain show, sort of, “crystalline byssus” binding micro-
bial “cyst” to the mass of crystals (Text-fig. 8D).

Stable isotope geochemistry of the travertine
calcium carbonate

All the samples examined, either from the top or the
bottom of the travertine dome have shown the §°C and
8180 values in the very narrow range of 0.2 and 0.4%o
respectively. The mean value of the 8'°C for the upper
part of the travertine is —10.7%o0 PDB, whereas that value
for the bottom part of the travertine is ~10.1%o PDB. In
the case of the §%0 mean values the difference between
the upper and bottom part of the travertine is almost neg-
ligible, which means the §'%0 mean value for the upper
part of the travertine is —8.1%o and for the lower part that
value is ~7.9%o.

|
|
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Fig. 8. A. SEM image of the mess of bizarre calcite crystals filling one of the pores within the travertine frame from the bottom part of the dome.

B. SEM image of the enlarged bizarre crystals, some rounded arranged in, sort of, circles, some composite of skeletal amoebas appearance with many
rounded and rod-like crystallites merged in the crystals. C. SEM image of the unidentified microbial, silicified bulbous remains (possibly fungal spore
cases) within the calcite composite crystals filling one among the pores of bottom part of the travertine frame. D. SEM image of one of the unidentified

microbial bulbous remain showing the details of its structure

ORIGIN OF THE CALCITE AND 0-MnO,
PRECIPITATES

There is no doubt, all the crystallite rods stretching out of
the crystals or merged in the crystal faces observed with-

papers devoted to bacterial carbonates (CHAFETZ &
FoLk 1984; Fork 1993, 1999; Loisy & al. 1999). There
are also similarities of single composite rhombs to the
gothic-like crystals described by FOLK & al. (1985) as well
as shield-like crystal envelopes to the degraded crystals

in the travertine micrite are calcified bacilliform bacteria
rods. The rods are identical with those described in many

also described by FOLK & al. (1985). Also, a dense mess
of nanometre-scale crystallites is very similar to bacterial

Fig. 7. A — SEM image of densely packed calcite crystals within the pore of the travertine frame from the upper part of the dome, showing partly devek
oped crystals with holes in terminal crystal faces and spike features on the other crystal faces. B — SEM image of a few crystals visible in A, showing details
of the spiky fcaturcs and the cavities, C — SEM image of the several undeveloped crystals of skeletal appearance showing very clear spiky features.
D - SEM image of the classical example of the spiky features of the single calcite crystal without two crystal faces developed, filling the pore in the upper
part of the travertine frame. The different directions of the calcite fibers related to two undeveloped crystal faces. E — SEM image of densely packed
scalenohedral crystals filling totally a small pore of the travertine from the upper part of the dome. Note, the specific ornament (spikes) on some crystal
faces (the left part of the photograph). FF — SEM image of the association of circular pores of 30-40um in diameter filled occasionally with single scaleno-
hedral calcite crystals with specific ornament on the crystal face (spikes). G —~ SEM image of the dense mat of lublinite-like calcite crystals. H — SEM image

of the fragment of the-mat of the calcite precipitate showing lublinite-like crystals. Some of those crystals seems to be composite
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debris used in experimental calcite precipitation
(KIRKLAND & al. 1999). Of course, it is a matter of dispute
about nanometre-scale rounded objects, batons and balls
(Fork & LyncH 2001) so abundant in the travertine could
have been bacteria or not. According to experiments
(KIRKLAND & al. 1999) nanometre-scale proto-crystals
and crystals can easily be produced from the solution
highly supersaturated with respect to calcium carbonate
with and without high content of dissolved organic carbon
content. This suggestion might be relevant in the case of
minute (600-860 nm in diameter) anhedral calcite rhom-
bic and scalenohedra crystals from the travertine. It is
also a matter of dispute whether bacteria which have
been calcified were sulphur-oxidizing bacteria as those
involved in formation of world known Italian travertines
(CHAFETZ & FOLK 1984; FOLK & al. 1985) or other kind
of bacteria involved in the process of calcification
(KRUMBEIN 1979, CASTANIER & al. 1999). However, sul-
phur-oxidizing bacteria precipitate calcium carbonate
and also elemental sulphur (CHAFETZ & FOLK 1984).
There is some, up to 2% wt, of sulphur detected within
the micrite frame, and crystals resembling gothic-like or
carapace crystals being originated in the environment of
sulphur-oxidizing bacteria (FoLk & al. 1985). However
this may be insufficient to classify bacteria observed with-
in the examined travertine.

Nevertheless, we suggest a part, at least, of the calcite
travertine frame crystallized on bacterial precursor. As
for the conditions favourable for precipitation of the
travertine calcite we may suggest the solution highly
supersaturated with respect to calcium carbonate (see for
comparison PEDLEY 2000). Apart form many rhombic
and amoeboidal crystals similar to those formed under
conditions of high supersaturation with respect to calcium
carbonate (CHAFETZ & al. 1991, KIRKLAND & al. 1999),
may have been circular pores of 60 to 80 um in diameter
within the travertine frame which supposedly were gas
bubbles of carbon dioxide or hydrogen sulphide? trapped
while spontaneous precipitation of calcite occurred. The
bubbles are substantially smaller than those described by
CHArFETZ & al. (1991), however the conditions of uneven
high supersaturation with respect to calcite might be sim-
ilar. In the case of the travertine calcite, supesaturation
must have been achieved by rapid degassing of CO,.

Additional information on the origin of the travertine
frame may be obtained by considering precipitation of
the 0-MnQO, succeeding calcite micrite. Source of man-
ganese in a divalent state to be later oxidized can be nat-
ural (STuMM & MORGAN 1970) or volcanic (ICHIKUNI
1973) waters. High solubility of Mn?* is kept at low Eh
and pH conditions (Hem 1963), and high specific organic
matter content i.e. tannins and anaerobic degradation of
plant detritus keep manganese in the Mn?* state (HEM

1964). Increase in pH and high bicarbonate activity pro-
vide precipitation of calcium carbonate with high content
of manganese, whereas increase in Eh caused rapid oxi-
dation of Mn and formation of manganese oxides.
However, such a scenario has never been observed in nat-
ural waters and soils (MOUNT & COHEN 1984). There is a
high content of Mn in calcite under low Eh, high pH and
high organic matter content conditions, and low content
of Mn in calcite under low organic content and high Eh,
pH conditions. However there is low manganese oxides in
the latter case (MOUNT & COHEN 1984). Therefore, the
0-MnQ, in the examined travertine cannot be precipitat-
ed due to processes occurring in the ground waters and
soils. Assuming source of Mn?* is endogenic (hydrother-
mal), there should have been a rapid change in Eh caus-
ing rapid oxidation of manganese and its precipitation.
The o-MnO, crystals arrangement in the rosettes resem-
bles the arrangement of gypsum crystals in the “desert
roses” and leads to a conclusion of fast evaporation of the
manganese bearing solution. Some of the Mn?* seems to
be oxidize by fungi, for it has been well known that cer-
tain groups of fungi such as Cephalosporia and
Cladosporia  act this way (MARSHALL 1979, see also
ERLICH 1996). In this case, manganese oxide precipitate
on some fungal remains might be the result of activity of
the bacterium Metallogenium symbionticum possessing
filaments surrounded by MnO, (ZAvARzZIN 1961, 1963).
The fungal remains covered by manganese oxide flakes,
postdating o-MnQO, precipitate by hydrothermal solution,
clearly indicate that the Mn later precipitates are ongoing
and very modern (PEDLEY 2003, pers. inf.) and may not
have been connected with hydrothermal solutions.

The later calcite cement filling the pores within the
upper part of the travertine frame are of two types. The
first is composed of crystals of spiky appearance, not fully
developed very similar to those formed in the hot springs
(FoLk & al. 1985) or waters highly supersaturated with
respect to calcium carbonate (CHAFETZ & al 1991).
Therefore we suggest abiological, rapid precipitation of
calcium carbonate rapid enough to form skeletal crystals,
rather than crystallization of calcite on any microbiologi-
cal precursor. Precipitation seems to have occurred from
a solution which might have been a mixture of hydrother-
mal and ground waters causing rapid degassing of carbon
dioxide. This in turn led to spontaneous precipitation of
calcium carbonate. The other type of calcite cement con-
sisting of fully developed crystals typical for natural land
waters precipitation (CHAFETZ & al. 1985, CHAFETZ &
GUIDRY 1999 ) appears not to be influenced by hydrother-
mal waters. The origin of specific lublinite-like crystals,
which is very common precipitate as a late stage cement
in tufas (PEDLEY 2003, pers. inf.), is a matter of dispute.
FoLk & al. (1985) felt lublinite-like crystals had formed
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during evaporation when the bacterial-mat pond had
dried out. This may be the case of the lublinite-like pre-
cipitate in the top of the travertine, however some of the
lublinite-like needles might also have developed on the
threadlike and bacilliform bacteria nuclei. It has been
well known that calcified threadlike and bacilliform bac-
teria rods crystalise exactly as lublinite crystals and show
the same faces as lublinite-like rods (Loisy & al. 1999).
Nevertheless, the lublinite-like cements hardly could orig-
inate from hydrothermal solutions. The calcite fill of the
pores within the bottom part of the travertine is difficult
to explain as a abiologically mediated precipitate of calci-
um carbonate because we observe nannometre-scale
objects (batons, balls, rods) suggesting a microbial pre-
cursor. However, we have not observed evident bacteria
rods or other microbial remains, apart from two uniden-
tified cysts resembling common in tufas fungal spore
cases (PEDLEY 2003, pers. inf.).

Interpretation of stable isotope geochemistry results
is rather complex. In the 8'3C values we cannot observed
any gradient changing systematically as we observed in
continuously increasing the 83C values in recently
formed travertines and tufas (CHareTZ & al. 1991
CHareTZ & al. 1991, CHAFETZ & LAWRENCE 1994).
There is a little difference in the range of 1% pointing
out in the bottom part of the travertine displaying higher
values, just less than -10%o, and the upper part of the
travertine displaying lower values, close to —11%e.
However, this might be an effect of recrystallization of the
calcite micrite in the bottom part. Older travertines
(CHAFETZ & al. 1991) as well as diagenetically more sub-
dued parts of the tufas usually show higher 8'*C values
than their younger or more intact counterparts (JANSSEN
& al. 1999). Generally, the 8°C values less than — 10%o0
are beyond the values typical for the travertines (TURI
1986), apart from unusual travertines from California
(O'NEIL & BaRrNES 1971). Environmentally, the §°C of
-10 to —11%so are typical for calcium carbonate precipi-
tating from organic rich soils or ground waters (DEINES
1980, ANDERSON & ARTHUR 1983), and marine sedi-
ments where aerobic or anaerobic oxidation of organic
matter occurs (IRwiN & al 1977, CoLemaN 19853).
However, this seems not to be the case of the examined
travertine. Assuming the hydrothermal origin of the
travertine the observed 813C values are quite plausible.
We do not know the exact values of the 8°C for the
hydrothermal waters circulating through the fault zone,
for the carbon dioxide from igneous sources may reach
the wide range of the §°C values (HOEFS 1997 and refer-
ences therein). Mantle derived CO, has 8"*C values of -8
to ~5%e, from mofettes and fumaroles -8 to —~3%o, and
over hot lavas —26 to =15%so. In the case of the travertine,
we have to assume very high pressure of pCQO, in the

hydrothermal waters achieving very negative §'3C values
(see HOEFS 1997). Rapid degassing of carbon dioxide led
to spontancous precipitation of CaCO, enriched in the
light isotope of carbon. It might be also an additional
effect of the hydrothermal waters forming a thin film of
Ca®* - OH waters reacting with the atmospheric carbon
dioxide and leading to precipitation of calcium carbonate
highly enriched in the light isotope of carbon (O’NEIL &
BARNES 1971). As for the 8'%0 values these are typical of
most of the travertines around the world (Tur 1986).
However the first approximation, viewing travertine as a
calcium carbonate precipitate formed from meteoric
water does not seem appropriate. It is rather a combined
effect of fast evaporation of the hydrothermal waters
causing enrichment in the heavy isotope of oxygen
(EpSTEIN & MAEYDA 1953) and the thin film of Ca?* -
OH: waters reacting with the atmospheric carbon dioxide
leading to drastic depletion in the heavy isotope of oxygen
(O'NEIL & BARNES 1971).

CONCLUSIONS

All the petrological and geochemical investigation of
the large calcareous dome developed in the middle of the
Holy Cross Mts. (Central Poland) suggest its origin as
being created by the hydrothermal rather than ground or
meteoric waters. This travertine dome is of Holocene age.
Therefore, Holocene tectonic activity of the main fault of
the Palaeozoic substratum seems to be the reason of the
hydrothermal water circulation through the fault zone.
Interpretation of the stable isotope geochemistry results,
although rather complex, seem to confirm the scenario of
the hydrothermal waters circulation through the rejuve-
nated fault zone causing formation of the unusual! traver-
tine dome.

The formation of the internal structure of the exam-
ined travertine encompasses several successive stages,
which are as follows:

1. A main body of the travertine was built up of
micritic calcite. This was extremely rapidly crystallized
calcite from highly supersaturated solution derived. Some
of these calcite crystals display remains of calcified bacil-
liform bacteria rods suggesting an essential part, at least,
of calcite was crystallized on a bacterial precursor.

2. Successively, after the micrite calcite travertine
frame had been formed, almost pure (having only barium
and mercury as additional components) monoclinic man-
ganese oxide (a-MnO,) precipitated filling part of the
remaining porosity. The unique characteristics of man-
ganese oxide crystallization also suggests a very fast
process of manganese oxidation due to increase in Eh and
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activity of abundant fungal species which might be associ-
ated with specific symbiotic bacterium. Specific arrange-
ment of the a-MnQO, crystals into the rosettes seems to be
achieved by fast evaporation of migrating upwards solu-
tion from the tectonic zone.

3. The last in this succession is rapidly precipitated
calcite cement filling the pores, mainly in the upper part
of the travertine frame. This was, generally, abiologically
mediated process of precipitation of calcium carbonate

-due to rapid degassing of carbon dioxide and , in the top

of the travertine dome, due to evaporation. Therefore,
the solution migrating from the tectonic dislocation
might mix with rain waters percolating from the upper
surface of the dome, and also those rain and ground
waters could eventually precipitate some of those later
calcite cements.
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