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Several tufa complexes are known in the Slovak Karst which is a typical karst area of a temperate climate. This areais built of
Mesozoic carbonates, mainly Triassic in age. The karst systems drain carbonate plateaux and lead water to resurgences lo-
cated in valleys which are up to 300 m deep. Below the resurgences there are Holocene fossil tufa deposits that exceed 12 m
in thickness. The tufas include stromatolite, moss, phytoclastic, oncoidal, and intraclastic facies. Extensive barrages which
once dammed the upper reaches of the streams were formed in narrow valleys. They are composed predominantly of moss
facies and stromatolites, with subordinate oncoidal and phytoclastic facies. Phytoclastic, oncoidal and intraclastic facies are
dominant in dammed segments of streams, and include gastropod shells and charcoal fragments. Some small moss cush-
ions are also developed. Barrages and dammed areas formed in a longitudinal fluvial depositional system. Conversely, be-
low resurgences located on plateau slopes tufas of a perched springline depositional system were formed. These comprise
deposits of prograding cascades constructed by moss, phytoclastic and stromatolitic facies. Presently, the tufas analysed
are inactive. They stopped growing in the Late Holocene time, after which there was abrupt incision of the streams. This
caused downcutting into Holocene tufas, in some places reaching Mesozoic bedrock. At present tufa is being precipitated
from streams in all the sites studied.
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INTRODUCTION

Freshwater carbonates are deposited near springs world-
wide (Ford and Pedley, 1996; Pentecost, 2005). The term tufa is
used to denote such deposits if they comprise macro- or
microphyte moulds or imprints (Pedley, 2009). However, some
authors extend the meaning of the term “travertine” to such de-
posits (see Gandin and Cappezuoli, 2008 as well as Jones and
Renaut, 2010, for terminological discussion). Tufas are predom-
inantly fed by shallowly circulating meteoric water charged with
biogenic CO, of soil origin.

Tufas form an important palaeoenvironmental archive, and
lately there has been a rapid increase in the number of publica-
tions dealing with this deposit type. Tufas are used in reconstruct-
ing palaeoclimate — chiefly temperature and humidity which influ-
ence vegetation type, as well as geomorphic evolution,
palaeohydrology, tectonics and even the activity of the prehistoric
humans (e.g., Pazdur et al., 1988a; Pefa et al., 2000; Soligo et
al., 2002; Martin-Algarra et al., 2003; Andrews and Brasier, 2005;
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Andrews, 2006; Anzalone et al., 2007; Capezzuoli et al., 2010;
Mastella and Rybak-Ostrowska, 2012; Arenas et al., 2013). Sec-
tions of fossil tufa have been studied in detail by means of stable
isotopes (mainly carbon and oxygen), geochemistry, molluscs
and plant remains, including pollen (e.g., Taylor et al., 1998;
Vermoere et al., 1999; Meyrick and Preece, 2001; Ihlenfeld et al.,
2003; Garnett et al., 2004), to reconstruct several characteristic
parameters of the palaeoenvironment.

Conversely, factors controlling the variation and distribution
of tufa facies in space and time have been studied less exten-
sively. Pentecost and Viles (1994) and Pentecost (2005:
p. 49-76) described and classified the geometry of growing tufa
structures. Pedley (1990), Ford and Pedley (1996) and Pedley et
al. (1996, 2003) studied facies systems (models) and interpreted
their sedimentary environment. Pedley et al. (1996) proposed
two different facies models for cool temperate and warm
semi-arid fluvial tufas. Carthew et al. (2003) analysed deposits
from northwestern Australia and noted several differences be-
tween temperature and tropical climate tufas, such as a lack of
oncoids, occurrence of abundant larval housings and sunken
rafts in the latter ones. Viles et al. (2007) studied tufa from an
arid region of Africa and recorded differences between the de-
velopment of fluvial tufa in different climatic zones. Arenas-Abad
et al. (2010), Vazquez-Urbez et al. (2012) and Arenas et al.
(2013) described facies sequences and sedimentary models of
Holocene and Pleistocene tufa systems in Spain and discussed
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their depositional environment in detail. Several facies types of
spring-associated tufas and their depositional settings have
been recognized in the Eastern Alps (Sanders and Wertl, 2011).
Keppel et al. (2011) interpreted the facies development of a tufa
mound spring fed by artesian water in South Australia. One can
expect that such aspects will be of concern to the geological
community in the future as will be the implications of the discov-
ery of oil and gas in the South Atlantic region within freshwater
limestone probably, at least partly, of spring-fed type (Harris et
al., 2013).

Fossil tufa outcrops and sites of modern tufa deposition
widely occur across the Slovak Karst area. Kovanda (1971)
listed 23 localities with fossil or modern tufa and, more recently,
Kilik (2008) described and illustrated 20 tufa localities. Tufa has
long been utilized in this area e.g., as building stone for the local
medieval castle (Fig. 1).

Some tufa deposits in this region were recognized in the 19th
and the beginning of the 20th century (Hochstetter, 1856; Vitalis,
1909). Subsequently, Kormos (1912) described in more detail
tufa from the Haj, Hrhov and HruSov localities and focused espe-
cially on their preserved molluscs. He regarded these deposits
as Pleistocene in age and stressed also that their growth had
ceased while, later on, those tufas were subjected to erosion.
The mollusc content of seven localities, including Haj, Hrhov and
Gombasek were studied by Petrbok (1937), who indicated a Ho-
locene age for the tufas studied, as confirmed by finding Neo-
lithic pottery at Haj and Hrhov and in line with palaeobotanical
studies by Némejc (1936, 1944). The Haj and Hrhov localities
were most closely studied by Lozek (1955, 1958) who described
several taxa of snails and, subordinately, bivalves. The tufa
studied contained also pottery of Hallstatt culture affinity. The
Holocene age of the tufa at Haj was further supported by an ex-
ploratory "C date (Gradziriski, 2010). Although tufa in the Slo-
vak Karst has been studied in terms of molluscs and
palaeobotany, neither its facies nor sedimentary environment,
nor its age were precisely determined.

The present study deals with selected Holocene tufa deposits
from the Slovak Karst area. The aim is to recognize tufa facies ar-
chitecture and decipher factors controlling facies variation. An-
other goal is to establish the chronology of tufa growth based on
the reconstruction of the spatial arrangement of facies, integrated
with ™C dating results and to investigate the cessation of tufa
growth in the late Holocene in the Slovak Karst.

Fig. 1. Lintel constructed of resistant tufa facies
in the medieval castle at Turfia nad Bodvou

GEOLOGICAL SETTING

The Slovak Karst area located in eastern Slovakia is a typical
upland karst, comprising several karst plateaux. Their altitude
ranges from about 400 to 800 m whereas intervening valleys are
located at about 200—300 m. The plateaux are formed of various
Triassic carbonates, namely of Wetterstain, Steinalm,
Gutenstein and Hallstatt types, belonging to the Silica Nappe
(Fig. 2; Mello, 1996). Lower Triassic clastic deposits occur
subordinately. Crags and ridges of Triassic carbonates occur on
steep slopes of the plateaux whereas dolinas with sinkholes and
blind valleys are developed on the plateau surfaces. Plateau
tops and some slopes are partly covered by deciduous forests.
South-facing, steep, partly rocky slopes of plateaux are covered
by xerothermic grasslands and bushes.

At the foot of the plateaux several karst springs are situated.
These drain the plateaux through extensive cave systems. The
present average discharge of the springs reaches 120 I/s (Jakal
and Bella, 2008). Presently, tufas are being formed in headwater
streams (Kovanda, 1971; Kilik, 2008; Gradzinski, 2010), adja-
cent to inactive tufa deposits. Most are exposed by erosional
cuts several metres deep.

Three different inactive tufa successions, namely those of
Haj, Hrhov and Gombasek, have been selected for this study.
They differ in location, thickness and facies types.

Tufa of the Haj Valley (in Slovak — the Hajska dolina)
stretches for 900 m northwards of the village of Haj. The valley is
narrow and it is incised to a depth ca. 150-200 m into the sur-
rounding carbonate plateaux (Figs. 3A and 4A). The head seg-
ment of the valley is carved into the Bérka Nappe which com-
prises metabasites, phyllites and shales as well as limestones.
The bottom part of the valley is partly filled with tufa, which in turn
is downcut to the Mesozoic bedrock. Tufa terraces are pre-
served on both sides of the valley, tufa sections cropping out on
terrace slopes. The present stream is fed by a series of karst
springs located at the valley bottom. It forms four waterfalls,
each a few metres high, developed in places where relatively re-
sistant tufa types build a basement. Modern tufa is being formed
in the stream (Gradzinski, 2010). It forms picturesque curtains
on the waterfall faces and builds some small barrages in the
stream (Fig. 4B).

Tufa at Hrhov is located on the bottom of plateau slopes, at
altitudes of around 220-230 m (Figs. 3B and 4C). The highest
points on the plateau exceed 800 m in height whereas the wide,
flat bottom of the Turfia Basin is located roughly at 190-200 m.
The tufa was fed by the Velka hlava (in Hungarian — the Féj)
spring, which is situated on the plateau slope at an altitude of
around 240 m, around 40 m above the valley bottom. Such a lo-
cation is caused by the occurrence of relatively impermeable
layers of Lower Triassic clastic rocks below Middle Triassic car-
bonates, which effectively pond groundwater. The slopes above
the spring are composed exclusively of Triassic carbonates. The
spring is fed by autogenic water derived from the top of the
neighbouring karst plateau. Hydrological connection with a verti-
cal cave situated on the plateau has been demonstrated (Jakal
and Bella, 2008).

Tufa outcrops at Hrhov were extensively exploited as early
as in the beginning of the last century (Némejc, 1936; Lozek,
1958). Several old buildings in the village, local churches in-
cluded, are built of tufa. Presently, the former exploitation area
has been built on, houses occupying the old, abandoned quar-
ries. On the wall of the largest quarry there is a waterfall showing
extensive growth of tufa curtains (Kilik, 2008).

Tufa at Gombasek has been studied near the Black Resur-
gence (in Slovak — the Cierna vyvieragka), which drains a resur-
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Fig. 2. Geological map of the Slovak Karst area with location of the tufa sites studied
(after Mello et al., 1996, simplified)
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Fig. 3. Location of the tufa sites studied

A - H3j, B — Hrhov, C — Gombasek
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Fig. 4. Sites studied

A — H3aj Valley seen from the south, arrow indicates location of tufa
upstream of the village of Haj which is situated in the mouth of the
valley; B — waterfall with active tufa deposition, tufa curtain hangs
down from the waterfall head, 5 m high waterfall is developed in the
partly eroded old tufa barrage, C — village of Hrhov seen from the
Turria Basin, position of tufa is arrowed

gence cave called Gombasecka jaskyra. The spring is located
at an altitude of 238 m about 11 m over the level of the neigh-
bouring Slana River (Fig. 3C). It is situated at the mouth of a
wide, dry valley cut into plateau slopes composed of Triassic
carbonates, and subordinate Lower Triassic siliciclastic rocks.
Several dye-tracer tests have demonstrated connection of the
spring with sinkholes and caves on the plateau top (Bella, 2003;
Haviarova et al., 2012 and literature quoted therein). Some of
the sinkholes are located at the boundary between Lower Trias-
sic siliciclastic rocks and Middle Triassic carbonates. Thus, the
spring yields mixed autogenic-allogenic waters.

The stream flowing out from the spring occupies a small can-
yon-like ditch eroded into older tufas. They are exposed on ter-
race risers, especially in the walls of a small, presently inactive
quarry. The stream has been presently depositing some tufa in
the form of small stromatolitic barrages and numerous oncoids.

METHODS

The tufa successions selected for this study were investi-
gated for representative sections which, in turn, were analysed
bed-by-bed. Sixteen sections were studied in the Haj Valley and
two others at Hrhov and Gombasek (Fig. 3; Appendix 1). The
orientation of trunk and branch moulds was measured. The fa-
cies were distinguished on their macroscopic characteristics ex-
tended by microscopic observations using a standard
petrographic microscope and a scanning electron microscope
(SEM) Hitachi S-4700 coupled with a Vantage microprobe
(Noran product) at the Institute of Geological Sciences,
Jagiellonian University. Some samples were etched in 2% HCI
before SEM examination.

Geochemical analyses were carried out at ACMELabs (Van-
couver, Canada). ICP-emission spectrometry was used to de-
tect the content of Si, Al, Fe, Na, K and Ti. Calcium carbonate
contents were measured with calcimeter (Eijkelkamp product),
which is based on Scheibler's method. The measurements were
conducted at the Institute of Geological Sciences, Jagiellonian
University, Krakéw. The mineral composition of the tufa was
analysed by powder X-ray diffractometry (XRD) using a vertical
XPert APD Philips goniometer (PW 1830) at the Institute of Geo-
logical Sciences, Jagiellonian University.

Radiocarbon dating of six charcoal samples and eight terres-
trial snail shell samples was carried out at the Poznan Radiocar-
bon Laboratory (Poland) using the AMS method. Pretreatment
procedures of organic samples followed those used in the Oxford
Radiocarbon Accelerator Unit, as described by Brock et al.
(2010). Shell samples, after removal of the outer carbonate layer
(ca. 30%) by 0.5M HCl were treated in 15% H,O; (for 10 min in an
ultrasonic bath), the remaining carbonate being leached with con-
centrated HzPO, in a vacuum line. Carbon dioxide produced by
combusting organic samples or dissolving carbonate shells was
reduced to carbon (Czernik and Goslar, 2001). The content of "*C
in a sample of carbon was measured using the “Compact Carbon
AMS’” spectrometer produced by the National Electrostatics Cor-
poration, USA (Goslar et al., 2004). Conventional *C age was
calculated using correction for isotopic fractionation (according to
Stuiver and Polach, 1977).

Radiocarbon dating of three carbonate samples was carried
out at the Laboratory of Absolute Dating in Skata, Poland. Car-
bon dioxide, obtained by acid treatment, was converted to ben-
zene. Radiocarbon concentration measurements were con-
ducted using the scintillation technique by a low-background lig-
uid scintillation counter of a new generation, HIDEX 300 SL
(Krgpiec and Walanus, 2011). The radiocarbon dates obtained
were calibrated using the OxCal program (Bronk Ramsey, 2009)
and IntCal09 calibration data (Reimer et al., 2009).

Age-depth models were constructed using MOD-AGE soft-
ware (Hercman and Pawlak, 2012). MOD-AGE uses the
randomisation method (a type of Monte Carlo simulation) for
age-depth model construction and its confidence band estima-
tion, and the LOESS method for fitting of an age-depth function.
The model obtained takes into consideration not only uncer-
tainty of age, but also uncertainty of depth determinations and
utilizes all the information from age and depth distributions.
Depth uncertainties for model construction were assumed at the
+10 cm level (assuming a normal distribution).
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Fig. 5. Moss tufa

A —layered moss tufa, Gombasek; B — highly porous moss tufa interlayered with stromatolitic tufa, tufa barrage, Haj, hammer handle is 33 cm
long; C — cauliflower-shaped knobs encrusting moss tufa; knobs were developed within a cavity below a barrage rim, stromatolite is visible in
the upper part of the photograph, Haj, hammer head is 17 cm long; D — moss tufa, cross-section, primary porosity is partly reduced by sparry ce-
ment, Hrhov; E — moss stem entombed with calcite, thin section, Gombasek; F — calcite spar-filled porosity in moss tufa, SEM image, Hrhov

RESULTS AND INTERPRETATION

TUFA FACIES

Five tufa facies and one additional facies have been recog-
nized within the tufas studied.

MOSS TUFA

Moss tufa is one of the most common facies in the sections
studied (Fig. 5). It represents boundstones composed of cal-
cite-encrusted moss stems and leaves which build three-dimen-

sional, reticulate fabrics (Fig. 5B, D). Moss tufa forms distinct
beds, the thickness of which varies from a few centimetres up to
1 m (Fig. 5A, B). Some layers display convex-up upper surfaces.
This facies also builds irregular lenses up to 1 m thick and ex-
ceeding 3 m in lateral extent.

Moss tufais hard but friable. Moss stems are mostly oriented
parallel to each other but in some cases they are randomly dis-
tributed. Parallel-oriented stems are aligned horizontally or
subhorizontally (Fig. 5B). Leaf moulds, and snail shells occur
subordinately within this facies.

Moss tufa facies is characterized by high primary porosity.
The pores exist between neighbouring moss stems which are
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encrusted with calcite (Fig. 5E). Some are partly filled with sparry
calcite crystals or internal fine-grained calcite sediment
(Fig. 5D, F). In larger growth cavities occurring within this facies,
cauliflower-shaped knobs coat and link individual moss stems
(Fig. 5C). They are composed of sparry crystals and can be clas-
sified as speleothems.

Interpretation. Calcite-encrusted mosses are noted from
many modern and ancient tufa deposits (e.g., Weijermars et al.,
1986; Gradzinski et al., 2001; Turner and Jones, 2005). They
are an important component of a wide range of tufa-depositing
environments, from stagnant palustrine zones to fast-flowing
segments of streams (Pedley, 1990). The parallel arrangement
of moss stems in the tufas discussed indicated flowing water
during deposition. The mosses were encrusted either sub-
merged or via water droplets in a splash zone near cascades or
rapids (Pentecost, 2005: p. 237). Being subject to encrustation,
moss grows particularly efficiently (Pentecost, 1998). Mosses
construct phytoherms of various size, from small moss cushions
to large barrages (Pedley, 1990; Pedley et al., 2003;
Vazquez-Urbez et al., 2012).

Cauliflower-shaped knobs grew on the outer faces of bar-
rages, commonly below overhangs (see Irion and Muiller, 1968;
Szulc, 1983; Pentecost, 1999: fig. 4a). They were probably not
flushed with water but were located in splash zones being fed by
water droplets. Thus, they are morphologically and genetically
akin to cave coralloids (see Hill and Forti, 1997: p. 59-62, and lit-
erature quoted therein).

STROMATOLITIC TUFA

Tufa stromatolites form beds and lenses ranging from 1 cm
to more than 15 cm in thickness (Figs. 5B and 6A). Stromatolites
display various orientations, from sub-horizontal, slightly undu-
lated to deeply inclined. They mirror the basement geometry
(Figs. 5B and 6A, see Fig. 11). They comprise lighter and darker
laminae which alternate with each other (Fig. 6B, C). The
laminae differ in porosity, and are up to 0.9 mm in thickness. Mi-
croscopic (petrographic and SEM) observations show various
moulds of cyanobacterial and algal filaments within the
stromatolites (Fig. 6F—H).

Larval housings are very common within the stromatolitic
tufa studied (Fig. 6D, E). They dominate in some laminae, and
build meandering networks. As a rule, their ceilings are com-
posed of thin, convex-up micritic laminae, which are overlain by
sparry cements.

Interpretation. Stromatolites occur in tufas all over the
world. The range of microbial involvement in their growth in a
tufa depositional milieu is a matter of debate. Some authors sug-
gest that cyanobacteria and algae actively contribute to the pre-
cipitation of the carbonates forming tufa stromatolites (e.g.,
Shiraishi et al., 2008; Pedley et al., 2009; Gradzinski, 2010)
while others imply that they only provide a suitable substrate for
carbonate mineral nucleation (e.g., Merz-Prei} and Riding,
1999; Pentecost and Whitton, 2000). Stromatolites may be
formed either in almost stagnant water or in fast-flowing
streams. The inclination of some of the stromatolitic beds stud-
ied suggests they littered steep stream-beds, indicating the lat-

ter. This is supported by the common occurrence of larval hous-
ings within stromatolites since analogous larval housings have
been: (1) found in many recent tufas which originate in fast-flow-
ing water settings (Drysdale, 1999; Janssen et al., 1999;
Semnicki et al., 2012), including the H&j Valley (Gradzinski,
2010), and (2) are recognized in high-energy fossil tufas, espe-
cially in warm climate zones (Carthew et al., 2003).

PHYTOCLASTIC TUFA FACIES

This facies comprises phytoclasts encrusted with calcium
carbonate (Figs. 6A and 7). At present, phytoclasts are decom-
posed and empty moulds of plants are surrounded by carbonate
coatings. The phytoclasts range from trunks up to 0.5 m in diam-
eter through branches to small twigs and leaves. The
encrustations around phytoclasts are up to a few millimetres in
thickness. They are of stromatolitic type since they are lami-
nated and comprise cyanobacterial and algal moulds, as well as
a few larval housings (Fig. 7F). The spatial organization of
encrustations around phytoclasts differs from the stromatolitc
tufa described above, as the latter builds individual layers. How-
ever, encrustations in some cases grade upwards into a mas-
sive stromatolitic cover (Fig. 6A). In situ encrusted plants in life
positions occur subordinately within the phytoclastic tufa
(Fig. 7B). Phytoclastic tufa facies includes some snail shells as a
minor component. This facies forms layers and lenses up to
0.5 m thick.

Interpretation. The phytoclasts owe their origin to erosion of
plants upstream of the deposition loci. They may be derived from
shallow zones of a stream or from a palustrine zone or even an
adjoining land area. The last of these is confirmed by the pres-
ence of land plant detritus, such as tree trunks, stems and
leaves as well as land snail shells within the facies discussed in
all the sites studied (Fig. 7A—E; see also Némejc, 1936; Petrbok,
1937; Lozek, 1955, 1958). Phytoclasts were transported as pure
plant debris or were at least partly incrusted before their deposi-
tion (Vazquez-Urbez et al., 2012; Garcia-Garcia et al., 2013). Al-
though the empty plant moulds are the most visible elements of
phytoclastic tufa, this facies originated in situ. It is not an accu-
mulation of formerly encrusted plant detritus (see Pedley, 1990;
Glover and Robertson, 2003). Hence, it represents a specific
type of boundstone. The deposition of this facies resulted from
high-energy episodes, probably of flash-flood type and subse-
quent encrustation of accumulated plant detritus.

ONCOIDAL TUFA FACIES

Oncoids form poorly cemented rudstones which display hori-
zontal or cross bedding and in some cases normal grading.
They occur as beds or lenses up to 1 m thick (see Fig. 11).
Oncoids are common components of the tufa studied (Fig. 8A).
They are well rounded and are mostly between 0.5 and 4 cm
across. Their outer surface is smooth, in some cases even pol-
ished. Clasts of older tufa, predominantly of moss type, or
phytoclasts — at present preserved as moulds, acted as oncoidal
nulei. The cortex is composed of alternating micirtic and sparitic

v

Fig. 6. Stromatolitic tufa

A — stromatolite encrusting plant stems which are preserved as empty moulds, Haj; B — stromatolite composed of alternating porous and
dense laminae, cross-section, Haj; C — dense and porous laminae seen under the microscope, algal filaments are visible, Haj; D — meander-
ing larval housings, outer surface of stromatolitic lamina, Haj; E — cross-section of larval housings, each housing is covered with micritic
lamina which grades upwards into sparry crystals, thin section, Haj; F-H — moulds of cyanobacterial or algal filaments composing
stromatolites, filaments are covered with calcite crystals, SEM images, F — Hrhov, G, H — H§j
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Fig. 7. Phytoclastic tufa

A — tree trunk mould, Hrhov, hammer head is 17 cm long; B — moulds of grasses in life position co-occurring within horizontally oriented twig
moulds, Hrhov; C — twig moulds, cross-section, Hrhov; D — accumulation of encrusted leaves, Hrhov; E — leaf imprint, Hrhov; F — mould of
small phytoclast entombed in calcite rim, the rim is composed of encrusted algal filaments, SEM image, Hrhov

laminae. It comprises moulds of cyanobacterial and algal fila-
ments.

Interpretation. Oncoids commonly litter the beds of tufa-de-
positing streams (Pedley, 1990; Verrecchia et al., 1997). They
form in active channels (Ordoéfnez and Garcia del Cura, 1983;
Vazquez-Urbez et al., 2013), which also seems to have been the
case at the sites studied. Their cortex comprises algal and
cyanobacterial moulds, which suggests that these microorgan-
isms contributed to the accretion of the oncoids.

INTRACLASTIC TUFA FACIES

Intraclastic tufa comprises clasts derived from other tufa fa-
cies, namely moss, stromatolitic and phytoclastic facies as well
as other grains, such as oncoids and peloids (Fig. 8B). Snail
shells are an important component of this facies. Gravel- and
sand-sized grains predominate. Fine-grained carbonate frac-
tions occur subordinately. Charcoal grains were found occasion-
ally. Intraclasts are poorly rounded and commonly coated with
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Fig. 8A — oncoidal rudstone with snail shells (arrows), Haj; B —
graded beds of intraclastic tufa with oncoids, the pen is 14 cm
long, Haj; C —unsorted colluvial breccias composed of clasts of
Triassic carbonate cemented with tufa, Haj

micritic rims. This facies build graded layers and lenses. The
components are loosely cemented.

Interpretation. Intraclastic tufa is formed as a reworked
product of the disintegration of older tufas of other types (e.g.,
Pedley et al., 2003). Coarse-grained clasts derived from resis-
tant tufa facies whereas silt-sized components may have re-
sulted from dismembering of calcite-encrusted algal filaments
(e.g., Gradzinski, 2010). Such deposits were laid down in flowing
water, though in lower energy settings than all the other facies
types described.

COLLUVIAL BRECCIAS

This facies occurs only locally in the uppermost part of some
sections in the Haj Valley. It is composed of angular clasts of Tri-
assic carbonates mostly a few centimetres across; however, the
largest ones reach 40 cm across (Fig. 8C). The clasts are poorly
sorted. Tufa clasts occur sporadically. Thin stromatolitic coat-
ings cover and bind some clasts. The matrix is composed of
tufa, chiefly of intraclastic type.

Interpretation. Immature Triassic debris derived from rock-
crags which occur on the valley slopes was gravitationally trans-
ported down and introduced into the tufa-depositing system.
Bearing in mind the steep slopes of the valley, the debris is plausi-
bly a rockfall or rockslide deposit (see Blikra and Nemec, 1998).

FACIES ASSOCIATIONS

The facies distinguished are grouped into three facies asso-
ciations that were formed in distinct environments, namely:
dammed area, barrage and cascade facies associations. The
first two are closely spatially linked.

CASCADE FACIES ASSOCIATION

This facies association crops out at the Hrhov and
Gombasek sites (Fig. 9). It is composed predominantly of moss
and phytoclastic tufas. Stromatolites are also common whereas
intraclastic tufa facies occurs subordinately and oncoidal tufa fa-
cies is absent. The dip of tufa layers averages between 10 to
30°, but in exceptional cases reaches 90°. The inclination partly
results from that of pre-existing relief. The wood debris, such as
tree trunks and branches, is oriented mainly sub-parallel to the
strike of the tufa layers. It is only on steeper segments that they
are oriented sub-parallel to the dip (see Gradzinski, 2008). This
facies association corresponds to the “cascade and bar-
rage-cascade sequences” distinguished by Vazquez-Urbez et
al. (2012) and the “cascade model” of Pedley (1990). It forms a
single, extensive ramp-like structure, developed through
progradation of tufa depositional lobes. The lobes did not act as
a barrage and did not pond the water upstream. A lobe com-
prises several moss cushions which coalesced and prograded.
Phytoclastic and intraclastic tufa were laid down predominantly
in local depressions within a lobe, distributed in-between moss
cushions.

BARRAGE FACIES ASSOCIATION

This association comprises the same facies as the cascade
facies association. It also corresponds to the “cascade and bar-
rage-cascade sequences” distinguished by Vazquez-Urbez et
al. (2012). The main difference between cascade and barrage
facies associations is the close spatial relationship between the
latter and the dammed area facies association which is de-
scribed below (Figs. 10 and 11). This relationship is clearly visi-
ble in the H3j Valley. Barrage facies association forms there sev-
eral lithosomes up to 12 m in thickness. When the system was
active these lithosomes acted as dams, which resulted in
ponding of water in the upper segment of the stream. Seventeen
inactive barrages were recognized in the Haj Valley. Some of
these are narrow and have vertical faces whereas others are
characterized by inclined, ramp-shaped downstream faces. The
inclination of such a face varies between 30 and 50°.

Moulds of encrusted tree trunks and branches are an impor-
tant component of this facies association. In the upstream part of
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- stromatolitic tufa - moss tufa ® tree mould
- phytoclastic tufa |:| detrital tufa " section

@ dated snail shell

@ dated charcoal grain

Fig. 9. Inclined beds of moss and phytoclastic tufa, which made up a tufa cascade

The location of samples for radiocarbon dating is indicated, Hrhov

Fig. 10. Spatial relationship between different tufa facies asso-
ciations in the Haj Valley, vertically oriented layers of the bar-
rage face (barrage facies association — BFA) are in contact with
subhorizontally oriented layers of the inter-barrage facies as-
sociation (IFA)

Inter-barrage facies association

- colluvial breccia
|:I oncoidal tufa

H5
- recent slope scree H

section

the barrage, they are placed horizontally and are oriented paral-
lel to barrage elongation, that is more or less across the valley,
whereas on steeply inclined downstream faces of a barrage,
their orientation is parallel to the inclination of the face.

INTER-BARRAGE FACIES ASSOCIATION

Oncoidal and intraclastic tufa facies are the main compo-
nents of this facies association (Fig. 11). Other facies contribute
subordinately. This facies association is layered and poorly ce-
mented, which results in its greater erodability in relation to cas-
cade and barrage facies associations. This facies association
bears some resemblance to “free flowing water channel-filling
sequences” and “damming sequences” of Vazquez-Urbez et al.
(2012). The mass occurrence of oncoids and gravel- to
sand-sized lithoclasts corresponds to the former sequences,
whereas its location between barrages is consistent with the lat-
ter. The relatively coarse-grained nature of the deposits, graded
beds and cross-bedding all collectively suggest that the deposits
in question were laid down in a flowing stream. It is similar to the
“pbraided fluviatile model” described by Pedley (1990).

Barrage facies association

@ dated tufa sample

® dated charcoal grain

Fig. 11. Barrage and inter-barrage facies associations in the Haj Valley

The location of samples for radiocarbon dating is indicated; other explanations as in Figure 9
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Table 1

Calcium carbonate content in the tufas studied

Site Facies n CaCO;
Haj mt 24 95.8
Haj st 30 96.2
Haj pt 16 95.2
Haj ot 32 95.8
Haj it 60 95.7
Haj averaged 162 95.7
Hrhov mt 66 96.6
Hrhov st 1 96.9
Hrhov pt 41 96.3
Hrhov it 9 97.4
Hrhov averaged 117 96.8
Gombasek mt 17 91.0
Gombasek pt 2 86.0
Gombasek averaged 19 88.6

Data are given in wt.%; n — number of samples; it — intraclastic tufa,
mt — moss tufa, ot — oncoidal tufa, pt — phytoclastic tufa, st —
stromatolitic tufa

MINERAL AND CHEMICAL COMPOSITION OF THE FACIES STUDIED

The only autochthononous carbonate phase in all facies is
calcite. Only some bioclasts — snail shells — are composed of ar-
agonite. The tufas studied contain some admixtures of non-car-
bonate fraction. Their chemical composition is shown in Ta-
bles 1 and 2.

RADIOCARBON DATING

Radiocarbon dating of tufa is complicated by the lack of initial
'C activity. Due to carbonate depositional processes, initial *C
activity significantly differs from the activity of the active bio-
sphere. Carbon in calcareous tufa consists of a mixture of old,
inactive carbon from dissolved bedrock and biogenic carbon
with C activity close to atmosphere activity. This causes differ-
ences between the actual sediment age and the conventional

age calculated under the assumption that the initial activity
equals the activity of "C in the biosphere. The difference, called
the “apparent age” (“reservoir effect”), may range between 500
and 4500 years (Pazdur et al., 1988b).

To avoid this problem the organic matter incorporated within
tufa was dated. However, the organic matter content in the sec-
tions studied is limited. Therefore, apart from some charcoal
grains, shells of land snails were selected for radiocarbon dating.
Although, even land snails can incorporate “dead carbon” into
their shell (Goodfriend and Stipp, 1983), several studies have
shown that land snail shells, especially of detritus feeders, pro-
vide reliable radiocarbon dates (e.g., Meyrick and Preece, 2001;
Pigati et al., 2010). Radiocarbon dating results are shown in Ta-
ble 3.

The tufa sections studied lack organic macrofossils. Only a
few samples of charcoal were found, mostly from the middle part
of the H3 section. Terrestrial snail shells were collected from the
basal part of the H3 section and the HR section (Figs. 9and 11).

Four samples of terrestrial snail shells from the Hrhov tufa
were dated by the AMS technique (Table 3; Figs. 9 and 12).
Based on calibrated age distributions, an age-depth model for the
HR section was constructed using MOD-AGE software (Hercman
and Pawlak, 2012). MOD-AGE takes into account full distribution
of age as well as depth error estimation. Depth uncertainties for
model construction were assumed at the level £ 10 cm (assuming
normal distribution). The chronology obtained (age-depth model)
is shown in Figure 12. Based on the chronology obtained, the pe-
riod of section HR deposition may be estimated at between ca.
3500 and 6300 cal. years BP (samples Hr14, Hr67, Hr76, Hr113;
Fig. 9). Apart from snail shells, one charcoal grain (sample Hr131)
was dated from this section. However, it provided an unexpect-
edly old date of 42,950—40,150 cal. years BP, incompatible with
the other "*C dates as well as with snail and plant fossils from this
tufa (see Némejc, 1936, 1944; Petrbok, 1937; Lozek, 1955).
Thus, the most probable explanation is redeposition of an old
charcoal grain and its incorporation into growing tufa. Charcoal is
quite inert and can be easily transported (Scott, 2010 and refer-
ence therein). The redeposition of charcoal is a common feature
in a lake environment (e.g., Wittlock and Millspoaugh, 1996;
Walker, 2007); however, to the best of the authors’ knowledge, it
has not been recognized in a tufa depositional environment so far.

Section H13 was devoid of useful material for radiocarbon
dating except for one sample of charcoal from the 200 cm depth
(sample H13.31; Fig. 11). The age of this charcoal was
48304570 cal. years BP (95.4% probability). Three carbonate
samples of tufa were additionally dated (samples H13.1,

Table 2
Chemical composition of the tufas studied

Site Facies n SiO, | AlLO3 | Fe,O3 | Na,O KO | TiO,
Haj mt 1 0.40 0.10 0.02 0.01 0.02 | 0.01
H3j st 3 0.40 0.10 0.10 0.02 0.02 | 0.01
Haj pt 2 0.34 0.08 0.04 0.01 0.01 | 0.01
Haj ot 9 0.60 0.13 0.08 0.02 0.03 | 0.01
Haj dt 14 1.04 0.22 0.15 0.04 0.04 | 0.02
Haj averaged | 29 0.77 0.17 0.12 0.03 0.03 | 0.02
Hrhov mt 19 0.79 0.22 0.10 0.04 0.04 | 0.01
Hrhov pt 11 0.78 0.23 0.11 0.05 0.04 | 0.01
Hrhov averaged 30 0.79 0.23 0.12 0.06 0.04 | 0.02
Gombasek mt 2 | 475 1.83 1.12 0.04 0.33 | 0.07

Data are given in wt.%; dt — detrital tufa; other explanation as in Table 1
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Table 3

Radiocarbon dating results

o i 95.4% conf. interval
Laboratory | Sample | Radiocarbon 68.2% conf. interval °
Sample number type age [yr BP] | Cal. age range | Prob. | Cal. age range | Prob.
[yr BP] [%] [yr BP] [%]
4830-4780 12.2
H13.31 P0z-50420 ch 4160 + 35 47704620 56.0 4830-4570 95.4
H13.31 MKL-1824 c 8580 + 80
H13.1 MKL-1826 c 6210 £90
H13.50 MKL-1828 c 5040 + 60
7420-7350 7.1
7270-7150 78.5
H3.4b Poz-50418 ch 6250 + 35 7250-7160 68.2 7120-7020 16.9
7160-7120 11.1
H3.7+30 | Poz-50419 ch 6110 + 40 7020-6900 571 7160-6890 95.4
7170-7150 7.1 7250-7190 5.1
H3.3 Poz-53536 | S, Ch.f. | 6195+35 | 215, 7000 | 614 | 7180-6990 | 90.3
7150-7120 2.0
H3.4 Poz-53537 | s, Ch.f 6070 + 35 6985-6885 68.2 7020-6830 89.3
6820-6790 4.1
7170-7150 7.1 7250-7190 5.1
H.3.51 | Poz-53538 | S, Chf. | 6195235 1 2444 7000 | 611 7180-6990 | 90.3
7150-7120 6.9
H3.35 Poz-53539 | s, Chf | 6105+ 35 20206910 61.3 7160-6880 95.4
HR131 Poz-50422 ch 36800 + 800 | 42,350-41,050 | 68.2 | 42,950-40,150 | 95.4
6270-6250 3.6
6210-6170 17.4 6280-6230 9.6
HR 14 | Poz-53540 | 8, 0. | 835035 | gyo 6110 | 206 6220-6000 | 85.8
6080-6020 24.6
) 5580-5550 5.7
HR 67 Poz-53541 s, C.i. 4680 + 70 54805310 62.5 5590-5280 95.4
4800-4760 16.3 4820-4750 22.6
HR 76 Poz-53542 | s, C.v 4105 + 35 4690-4670 4.1 4730-4520 71.6
4650-4520 47.8 4470-4450 1.3
4300-4070 87.4
HR 113 | Poz-53544 | s,0.9. | 378040 4240-4080 68.2 4050—3990 8.0

Poz — Poznan Radiocarbon Laboratory (Poland), MKL — Laboratorium Datowan Bezwzglgednych (Absolute Dating
Laboratory, Skata, Poland); ¢ — calcareous tufa, ch — charcoal, s — snail shell, Ch.f — Chilostoma faustinum, C.i. —
Clausilidae indet., C.v. — Cepae vindobonenis, O.e. — Oxyloma elegans, O.g. - Oxychillus glaber

H13.31, H13.50; Fig. 11). Conventional ages of carbonate sam-
ples were not consistent with the stratigraphical order (Table 3).
One of the samples dated was collected from the depth of 200
cm, that is the same as the dated charcoal grain. Comparison of
C ages of both samples should enable the estimation of the
apparent age of the tufa sample. However, the attempt of appar-
ent age estimation was completely unsuccessful. Assuming an
apparent age of 5550 + 115 years, as suggested by the differ-
ence between the radiocarbon ages of charcoal and carbonate
samples, the corrected ages of other carbonate samples were
completely impossible. For example, the uppermost sample
gives a corrected age of —490 + 175 years.

Three explanations are possible. They are as follows: (1) the
apparent age of the tufa sample from the depth of 200 cm was
correct, while the other samples suggest strong changes of ap-
parent age in the course of tufa deposition; (2) carbonate sam-
ples from bottom and top layers are rejuvenated by incorporation
of younger calcite cement in pore space; and (3) the charcoal

fragment was redeposited and was older than the host tufa. The
last explanation does not account for the inconsistent strati-
graphic order of the tufa dates in the H13 section.

Charcoal fragments and terrestrial snail shells from the H3
section were dated. Four samples of terrestrial snail shells were
collected from the bottom part of the H3 section (samples H3.3,
H3.4, H3.35, H3.51) whereas the charcoal samples were de-
rived from the bottom and middle parts of the section (samples
H3-2, H3.7+30, H3.4b; Fig. 11).

Based on calibrated radiocarbon age distributions, an
age-depth model for the H3 section was constructed using
MOD-AGE software (Hercman and Pawlak, 2012). MOD-AGE
takes into account full distribution of age as well as depth error
estimation. Depth uncertainties for model construction were as-
sumed at the level £10 cm (assuming normal distribution). The
chronology obtained of the H3 section (age~depth model) is
shown in Figure 13. Based on the chronology obtained, deposi-
tion of the H3 section took place between ca. 7400 and 6300 cal.
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Fig. 12. Age-depth model for the Hrhov section

Thick line — relation of age and depth; dotted line — 2 sd confidence
band for estimated relation; radiocarbon age probability distribu-
tions located at the sampling depth; mean tufa growth rate between
dated layers are marked
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Fig. 13. Age-depth model for snail shells and charcoal grains
dated from the Haj (H3 section)

Explanations as in Figure 12

years BP. However, this is based on the assumption of a con-
stant growth rate of tufa, which was probably not the case.

DISCUSSION

DEPOSITIONAL SYSTEMS

Two depositional systems were recognized within the tufas
studied. The tufas at Hrhov and Gombasek represent a perched
springline transverse system whereas the tufas in the Haj Valley
correspond to a longitudinal fluvial system.

FLUVIAL DEPOSITIONAL SYSTEM

There is much resemblance between the tufas at Haj and flu-
vial tufa systems described worldwide (e.g., Golubi¢, 1969;
Pedley, 1987, 1990, 1993; Pedley et al., 1996; Pentecost, 2005;

Arenas-Abad et al., 2010; Vazquez-Urbez et al., 2012). Tufas at
H3j include two facies associations, namely the barrage and
dammed area facies associations (Figs. 10, 11, 14 and 15). The
barrages at Haj, as in the other systems, caused ponding of wa-
ter in the upstream section of the valley and hence created ac-
commodation space for oncoidal and detritral tufa facies.

Pedley et al. (1996) concluded that barrage shape and size
depend upon climatic conditions. Wide barrages, with inclined
downstream faces composed of buttresses formed by mosses
or liverworts, are typical of temperate-climate fluvial tufa sys-
tems. This was documented in extinct Holocene systems in
Caerwys and Alport, in the United Kingdom (Pedley, 1987,
1993). Upstream faces of barrages are vertical there, and in up-
stream ponded segments of the streams fine-grained tufa of
mudstone or wackestone was deposited. Conversely, in a Medi-
terranean climate narrow barrages with vertical faces are devel-
oped (Pedley et al., 1996). Deeper lakes exist between bar-
rages. The most spectacular modern examples of such systems
are the Plitvice Lakes (Emeis et al., 1987) and the Ruidera
Lakes (Pedley et al., 1996; Ordofiez et al., 2005). This pattern
results from faster vertical growth of tufa barrages stimulated by
warm, semi-arid climatic conditions, whereas in a temperate cli-
mate lateral growth of barrages equals their vertical growth
(Pedley et al., 1996). The fluvial system in the Haj Valley com-
prises various types of barrage (Figs. 11 and 14). Some have
vertical downstream faces whereas in others this face is inclined
(Figs. 5B and 10). Thus, the geometry of barrages seems also to
be controlled by factors other than climate. A similar notion was
presented by Viles and Pentecost (2007) as well as by
Vazquez-Urbez et al. (2012). The barrages in the Haj Valley de-
veloped in narrow places, where the valley was constricted by
rocky ridges on its slopes, or in irregularities in the pre-existing
valley bottom. The inception and growth of barrages, especially
of the former location, was facilitated by wood debris jams. The
Haj Valley tufa system shares the above characteristics with
other tufa systems (e.g., Florsheim et al., 2013).

Relatively coarse-grained oncoidal and intraclastic tufa fa-
cies were deposited between barrages, suggesting a high-en-
ergy depositional milieu, which distinguishes Haj from other bar-
rage fluvial tufa systems (Figs. 8A, B and 11). For example, in
Caerwys, lime mudstone and wackestone were laid down up-
stream of barrages (Pedley, 1987). Similarly, in dammed areas
of the closely studied Piedra, Mesa and Afiamaza rivers fine
grained tufa was deposited (Vazquez-Urbez et al., 2012; Arenas
et al., 2013). This difference suggests that lakes were not cre-
ated in the dammed areas at Haj; conversely, there existed ac-
tive stream channels. Thus, this implies that although the
aggradation of inter-barrage areas was not so high as that of
barrages, it was not substantially slower. The spatial relationship
of a dammed area facies association with a small, secondary
barrage suggests that the minimal depth of inter-barrage areas
was around 0.5 m (Fig. 11). A similar conclusion comes from the
section published by Lozek (1958: table 11l 1, 2, table VI), which
depicts tufa in a lower segment of the Haj Valley. This segment
is presently poorly exposed. Such a depth enabled long-lasting
high-energy conditions in the stream sections located upstream
of the barrages.

The spatial relationship of barrages and inter-barrage de-
posits, which was reconstructed for the upper segment of the
H3aj Valley, points to different vertical growth rates of the bar-
rages (Fig. 14). The lowermost barrage is the highest one. Its
top reaches the level of the accumulation terrace. Several bar-
rages located upstream do not reach this level. Rather, they are
covered by deposits of inter-barrage facies association. Thus,
the lowermost located barrage aggraded with the highest rate
which resulted in drowning of all of the smaller barrages up-
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Fig. 14. Distribution of former barrages and inter-barrage areas in the upper segment of the Haj Valley
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Fig. 15A — model of sedimentation; B — erosion of
the longitudinal fluvial tufa system developed
in narrow valleys, for instance in the Haj Valley

stream. They finally were buried by oncoidal and intraclastic tufa
facies. A similar mechanism was described by Golubic¢ (1969);
however, in his example inter-barrage areas were flooded,
which caused cessation of secondary barrage growth (see also
Pedley, 1990).

PERCHED SPRINGLINE DEPOSITIONAL SYSTEM

The tufa studied at Hrhov clearly corresponds to the
“perched springline model” defined by Pedley (1990), Ford and
Pedley (1996) and Pedley et al. (2003) or the “slope travertine
system” distinguished by Violante et al. (1994). The tufa was fed
by a perched spring on the side of the valley, the location of
which resulted from the occurrence of impermeable Lower Tri-
assic clastic strata (Figs. 2—4). The steep slope below the spring

prevented the creation of barrages and extensive dammed ar-
eas and caused formation of a lobe-shaped tufa body (Fig. 16).
A similar relationship was noted in fluvial tufa in Spain, where the
size of dammed areas clearly depended upon the inclination of
the river bed (Vazquez-Urbez et al., 2012). Additionally, the
moderately steep slope enabled the creation of a new outflow
zone, in the case of damming. This led to the formation of a new
depositional lobe, which finally coalesced with the previously ac-
tive one as a consequence of tufa growth.

Many tufas of perched springline type have limited areas
(Pedley et al., 2003). The exceptions include the Matlock Bath
deposits (Derbyshire, UK) with an area of about 6 ha (Pentecost,
1999) and Rocchetta a Volturno (southern Italy) with an area of
around 10 km? (Violante et al., 1994). Therefore, the tufa at
Hrhov with its aerial extent around 17.5 ha (Kilik, 2008) is among
the most extensive recognized so far.

The poorly exposed tufa at Gombasek also represents a
perched springline transverse depositional system. Tufa was
laid down on a gently inclined slope, adjacent to a low-lying river
terrace. These features enable discrimination between
Gombasek and Hrhov and other thus-far described springline
tufas (see for instance Pedley, 1990; Violante et al., 1994; Pen-
tecost, 1999; Pedley et al., 2003; Vazquez-Urbez et al., 2012).
However, the Gombasek tufa shares several similarities with
them, as for instance deposition near a resurgence, the
point-source supply of water, domination by moss tufa facies
(Figs. 3C and 5A). The main factor which influenced such a de-
velopment of tufa at Gombasek was most probably the general
topography, that is, the wide mouth of the lateral, dry valley to the
alluvial plain of the main river. The facility of lateral migration of
flow prevented the water from being ponded and thus impeded
the formation of a typical fluvial system comprising barrages and
dammed areas. Conversely, such unconfined conditions favour
the creation of lobate morphology typical of springline tufas and
the development of a fan-shaped tufa body.

Neither of the sites described above contain moss tufa cur-
tains which are a typical component of perched springline tufas.
This resulted from deposition of the tufa studied on moderately
steep or gently slopes in the case of Hrhov and Gombasek, re-
spectively. Conversely, most of the tufas described so far of this
type were laid down on steep slopes with some vertical sections,
which promoted the formation of tufa curtains (e.g., Pedley et al.,
2003; Vazquez-Urbez et al., 2012).

There is an abundance of phytoclastic tufa facies at Hrhov.
This facies type is not common in perched springline tufas that
are typically dominated by moss and stromatolitic facies
(Pedley, 1990; Pentecost, 1999; Pedley et al., 2003), whereas it
is a typical component of a longitudinal, stepped fluvial tufa sys-
tem (Pedley, 1990; Ford and Pedley, 1996; Arenas-Abad et al.,
2010; Vazquez-Urbez et al., 2012). The formation of this facies
clearly depends upon stream capacity. At present, the resur-
gence at Hrhov expels a very large amount of water. Its maximal
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Fig. 16A — model of sedimentation; B — erosion of transverse
perched springline tufa developed on plateau slopes,
for instance at Hrhov and Gombasek

discharge is estimated at 740 I/s (Jakal and Bella, 2008). Thus,
based on present-day data, one may infer that a stream feeding
the tufa studied carried enough water to easily transport plant
detritus. Conversely, many other springline tufa systems are fed
by a small amount of water, which impedes transport of a signifi-
cant amount of plant detritus. For example, the total discharge of
all springs located near the extensive springline tufas at Matlock
Bath does not exceed 60 I/s (Pentecost, 1999). A second key
factor contributing to the deposition of phytoclastic facies is the
presence of vegetated areas which could provide plant debris
into the tufa depositional system. At Hrhov the area between the
resurgence and the tufa outcrop studied is clearly more exten-
sive than it is at Gombasek (Fig. 3). This is in line with the com-

mon occurrence of phytoclastic facies at the former site and its
scarcity at the latter one.

FACTORS INFLUENCING THE GEOCHEMICAL COMPOSITION OF TUFA

The geochemical composition of tufa varies among the par-
ticular facies and among the particular sites studied (Tables 1
and 2). The enrichment of tufa in Si, Al, Fe and Ti is a proxy for
non-carbonate detrital impurities in the water (Strmelihindli et
al., 2013). Microbial biofilms covering the surface of growing tufa
are especially prone to capturing such detrital impurities
(Pedley, 1992; Gradzinski et al., 2010). The differences among
particular sites reflect various palaeohydrological conditions per-
sisting during tufa growth. Taking into account the uniform age of
the tufas studied, local conditions seem to be responsible for
these differences.

A lower calcium carbonate content and a higher content of
elements, such as Si, Al, Fe, Na, K and Ti, characterise the tufa
from Gombasek (Tables 2 and 3). This resulted from the occur-
rence of Lower Triassic shales and marlstones in the catchment,
even in close proximity to the tufa (Fig. 2; Mello, 1996). More-
over, the karst hydrological system feeding the spring at
Gombasek drains also some areas of plateau where the
above-mentioned Lower Triassic rocks crop out (Bella, 2003;
Haviarova et al., 2012 and references quoted therein). Thus,
non-carbonate admixtures were most probably transported also
via an underground drainage system. The substantial accumu-
lation of fine-grained clastic deposits in Gombasecka Cave sup-
ports the above view.

A higher calcium carbonate content and the smallest amount
of Si, Al, Fe and Ti characterize the tufas from the Haj and Hrhov
sites, though the geological settings of these sites differ consid-
erably. Non-carbonate rocks, such as phyllites and metabasic
rocks, crop out in the upper part of the catchment of the Haj Val-
ley (Fig. 2; Mello, 1996). Conversely, the catchment of the spring
feeding the Hrhov tufa is composed exclusively of carbonate
rocks. Thus, the elevated content of non-carbonate admixtures
in this tufa can be explained in a twofold way. It may be the result
of the concentration of residua after limestone dissolution. A
mechanism similar to that operating at Gombasek could also be
taken into consideration. The underground flow may be in con-
tact with Lower Triassic shales and marlstones and hence may
transport some fine-grained siliciclastic material. The location of
the spring near the contact of Middle Triassic carbonates and
underlying clastic rocks supports such a scenario. Thus, the
presence of non-carbonate admixtures manifested by elevated
contents of such elements as Si, Al, Ti incorporated within tufa is
a good indicator of catchment geology and sources of the water
that fed the tufa. For instance, Holocene tufa sequences in the
Polish Uplands abound in marly and muddy horizons with
fine-grained siliciclastic material (Szulc, 1984; Pazdur et al,,
1988a; Alexandrowicz, 2004). This originated as redeposited
Pleistocene loess-covers which are widespread in that region
and are easily erodable (see Bil and Kubecek, 2012).

Differences in chemical composition between particular fa-
cies are also visible (Tables 1 and 2). The most pronounced fea-
ture is the lowest calcium carbonate content and the highest
content of Si, Al, Fe and Ti in intraclastic tufa facies in the Hgj
Valley. This indicates that the inter-barrage areas acted as effec-
tive traps for detrital components derived from the upper part of
the catchment. In other tufa systems, inter-barrage facies com-
prise marl (Vazquez-Urbez et al., 2012; Arenas et al., 2013),
clayey tufa or even clay (Pedley, 1993).
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HISTORY OF HOLOCENE TUFA IN THE SLOVAK KARST:
ITS RISE, FALL AND REBIRTH

The contact between basement rocks and tufa was not
found in the course of this study. Thus, the beginning of the tufa
growth cannot be analysed either in terms of environmental con-
ditions or in terms of time. The earliest studies by Némejc
(1936), Petrbok (1937) and Lozek (1955, 1958) do not mention
the inception of the tufa-depositing system. The dates obtained
clearly show that the system was fully operating in Mid Holocene
time, that is during the Atlantic and Sub-Boreal intervals (ca.
7.5-3.5 ka BP; Figs. 15A and 16A). Thus, the tufa achieved its
acme of growth then. Bearing in mind the dating results, the
growth rate of tufa may be estimated at between 0.36 and
1.12 cm per year at Hrhov and at around 2.5 cm per year at Hgj
during Atlantic time (Figs. 12 and 13). This is considerably
higher than the growth rate of other Holocene tufas in Europe.
For instance, Meyrick and Preece (2001) calculated the growth
rate of Atlantic (ca. 7.9-7.2 ka old) tufa from Courteenhall, Eng-
lish Midlands, as 0.7 mm per year. However, that tufa is clay-rich
and probably represents paludal facies, thus one can expect a
considerably lower growth rate. Higher values, reaching 6.3 mm
per year, were calculated by Limondin-Lozouet and Preece
(2004) for ca. 5.3—4.5 ka old tufa in Normandy. Pazdur et al.
(1988b) obtained the rate of growth of stromatolitic tufa ca.
3-1.2 k.a. old in the Ractawka Valley (southern Poland) at up to
10 mm per year. However, measurements of recent barrage tufa
in north Australia gave maximal values of up to 32.22 mm per
year, whereas mean values equal 4.15 mm per year (Drysdale
and Gillieson, 1997). Weijermars et al. (1986) reported even
higher values, reaching 140 mm per year, from extinct Quater-
nary moss tufa in Spain.

During the tufa growth in the Atlantic period the area studied
was forested, as inferred from the associated mollusc (Figs. 15A
and 16A; Kormos, 1912; Petrbok, 1937; Lozek, 1955, 1958) and
plant fossils (Figs. 6A and 7; Nemejc, 1936, 1944). Steep slopes
of the valley did not provide significant amounts of rock debris
into the growing tufa. This probably resulted from stabilization of
the slopes by a dense vegetation cover (Viles et al., 2008).

A very characteristic feature of the tufa at Haj and Gom-
basek is the incision of streams down to 6 and 12 m at the former
and latter sites respectively (Figs. 15B and 16B). The incision
shows that the tufa experienced cessation of growth and sub-
stantial erosion. The present relief of the Haj Valley is clearly de-
pendant upon the distribution of facies associations of inactive,
eroded tufa. The relatively hard and resistant barrage facies as-
sociation forms jumps and constrictions in the longitudinal profile
of the valley whereas wider valley segments are carved in
dammed area facies associations (Figs. 3A, 4B, 14 and 15B).
Tufa at Hrhov most probably was eroded too, but the incision
was later obliterated by quarrying. Thus, the sites studied re-
corded the same phenomenon as is clearly visible all over Eu-
rope, since many European tufas show arrested growth in the
Late Holocene (Goudie et al., 1993). Subsequent studies
showed this phenomenon in other European tufa sites (e.g.,
Preece and Day, 1994; Preece and Bridgland, 1999; Gradzinski
et al., 2001; Soligo et al., 2002; Zak et al., 2002; Meyrick, 2003;
Limondin-Lozouet and Preece, 2004; Alexandrowicz, 2004,
2012; Capezzuoli et al., 2010) as well as on other continents
(Pentecost and Zhang, 2001; Carthew and Drysdale, 2003;
Turner and Jones, 2005; Moyersons et al., 2006).

The dating results obtained in this study do not shed new
light on the cessation time, because of serious problems with
precise dating of the tufa. However, the tufa must have stopped
growing later than 4830—4570 cal. years BP and 4300-3990 cal.

years BP, since these are the ages of the youngest dated char-
coal grain from the tufa sections at Haj and youngest dated snail
shell at Hrhov (Table 3), respectively. Lozek (1955, 1958) found
artefacts younger than Neolithic in the upper part of the tufa sec-
tions in the lower segment of the Haj Valley and at Hrhov. The
Slovak Karst area is considered to have been extensively inhab-
ited in the Late Bronze Age and Early Iron Age, that is between
1100 and 450 BC (Banesz, 1994; Sojak, 2008). Thus, the inci-
sion most probably commenced during or just after this time
span. Despite the dating uncertainties, the tufas clearly ceased
to grow in late Sub-Boreal or around the boundary of the
Sub-Boreal and Sub-Atlantic (i.e., ca. 2.5 ka BP).

Goudie et al. (1993) listed and discussed 26 factors that may
have been responsible for the Late Holocene decline in the de-
position of tufa. They concluded that this phenomenon may
have been a compound effect caused by overlap of several fac-
tors, notably anthropogenic pressure and climatic changes.

It seems to be impossible to show unequivocally which factor
caused cessation of growth of the tufa studied. Nonetheless,
three scenarios can be formulated: (1) the chemical parameters
allowing precipitation of tufa did not change, incision being
caused solely by increasing erosive capacity of the streams, (2)
the erosive capacity of streams remained constant but changes
in the chemical composition of the water impeded tufa growth,
which resulted in erosion of earlier-deposited tufa, and (3) ero-
sion was caused by the cumulative effect of changing chemical
parameters of the water and increasing erosive capacity of the
streams.

Colluvial deposits covering the tufas in the Haj Valley sug-
gest that pronounced redeposition from the slopes commenced
during and continued after tufa sedimentation (Figs. 8C and 10).
Similar deposits have been found in the upper part of tufa sec-
tions in the lower segment of the Haj Valley (Lozek, 1958). How-
ever, local introduction of colluvium into a tufa-depositing system
does not seem to be a factor significantly impeding tufa growth.
Conversely, deposition of isolated colluvial lobes in the tufa-de-
positing stream should stimulate the development of new tufa
barrages (Florsheim et al., 2013) and, therefore, should en-
hance tufa deposition. On the other hand, increasing colluvial
activity resulted also in introducing fine-grained clastic material
from the slopes into the tufa-depositing systems. In a fast-flow-
ing stream the fine-grained clastic particles were easily put in
motion and became transported sediment load. Therefore, they
may have impacted the growing tufa by mechanical abrasion.
They may also have greatly affected the microbial biofilms es-
sential for tufa growth (Pedley, 1992; Gradzinski, 2010).

The slope instability implied as a cause of redeposition from the
slopes is often caused by forest retreat; hence it seems plausible
that the area experienced such a process (Figs. 15B and 16B).
This is supported by the pollen data obtained from a local peat-bog
where the pollen spectra record an important amount of non-arbo-
real pollen in Pre-Boreal peat (Krippel, 1957). The retreat of forest
is also clearly recorded within mollusc assemblages in the Hrhov
and Haj tufas (Lozek, 1955, 1958). Humid conditions were another
factor which, along with retreat of forests, affected slope stability.
The pollen spectra from the peat-bog registered some humid con-
ditions at the beginning of the Sub-Atlantic, that is plausibly during
tufa erosion (Krippel, 1957).

Deforestation also causes increased soil erosion (e.g., Ford
and Williams, 2007: p. 473—-477), which greatly reduces the ca-
pacity to dissolve calcium carbonate in an epikarst zone. Experi-
mental work carried out by Zambo and Ford (1997) in the Hun-
garian part of the same karst area where the tufa sites studied
are located, demonstrated that the capacity to dissolve calcium
carbonate is relatively low beneath thin soil cover. This has an
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effect on the amount of dissolved calcium carbonate in ground
and spring water (Goudie et al., 1993). Steidtmann (1936) noted
that the calcium carbonate content in springs draining unbroken
forests in Lexington (Virginia, USA) was three times greater than
in springs draining pastoral areas. Low calcium carbonate con-
tent in spring water lowers the possibility of calcium carbonate
precipitation in the form of tufa. Therefore, one can hypothesize
that deforestation impacted the tufa depositional system in at
least a twofold way, via increase in the erosive capacity of
streams, and via decrease in the dissolved calcium carbonate
content of the stream water.

The above scenario supports the theory that prehistoric hu-
mans influenced the cessation of tufa growth since they were re-
sponsible for deforestation, which in turn created conditions trig-
gering the disintegration of tufa. It seems plausible that the forest
retreat in Slovak Karst reflected growing pastoral or agricultural
activity of prehistoric humans (Lozek and Prosek, 1956). Coinci-
dence with establishment of the Kyjatice or Hallstatt culture in the
area studied supports this view. Artefacts from these cultures
have been found not only in tufas (Lozek, 1955, 1958) but also in
numerous caves, including those in close proximity to the tufa
sites studied (Banesz, 1994; Barta, 1994; Sojak, 2007, 2008).
However, deforestation might also have been completely inde-
pendent of prehistoric human activity. It may have been driven
solely by climatic factors, mainly aridification and warming. In
such a view, the coincidence of human settlement and cessation
of tufa growth may be purely accidental.

Whatever the factors that stimulated disintegration of tufa
and incision of streams, they ceased to operate, as modern tufa
are growing at all the sites studied (Fig. 4B; Némejc, 1936;
Kovanda, 1971; Kilik, 2008). In the Haj Valley, in the place of old,
inactive barriers constructed of moss and stromatolite tufa, re-
cent tufa representing the same facies types are being devel-
oped. They form spectacular curtains constantly flushed with
water (Fig. 4B; Gradzinski, 2010). Similar curtains are forming at
Hrhov. At Gombasek the modern stream is confined to a gully
entrenched into an old tufa fan. This results in the formation of
modern tufa in the limited space of the bottom part of this narrow
gully. Tufa forms barrages and is being deposited in inter-bar-
rage areas composed of stromatolite tufa and oncoidal tufa, re-
spectively. The recent tufa represents a longitudinal fluvial
depositional system, and so it differs from its Holocene counter-
part which was a perched springline type. The varying ability of
lateral migration of a stream seem to be one of the most impor-
tant differences between the two depositional systems. Thus,
the Slovak Karst represents an example of an area where after a
late Holocene decline, tufa deposition was reactivated and has
been persisting in a manner similar to that in some British and
Czech areas (Baker and Simms, 1998; Zak et al., 2002). The
causes of this process have not been identified.

CONCLUSIONS

1. Tufa in the Slovak Karst area represents longitudinal flu-
vial and transverse perched springline depositional systems.

2. The fluvial depositional system comprises tufa forming
barrages and filling inter-barrage areas. The former are com-
posed of moss, stromatolitic and phytoclastic tufa facies,
whereas the latter comprise chiefly oncoidal and intraclastic tufa
facies. Fluvial tufas were laid down in narrow, steep-sided val-
leys down which a confined stream flowed with limited lateral mi-
gration. Barrages were formed in constrictions of a valley or as-
sociated with irregularities in the pre-existing valley bottom.
Wood debris jams enabled inception and growth of barrages. In
the inter-barrage areas, active stream channels existed, where
oncoidal and intraclastic tufa was laid down.

3. Perched springline tufas were deposited below
resurgences located on the plateau slopes. Steep slopes pre-
vented the creation of barrages and extensive dammed areas.
This resulted in the formation of a lobe-shaped tufa body. Such
tufas comprise moss, stromatolitic and phytoclastic tufa facies.

4. The amount of non-carbonate admixtures in the tufa stud-
ied strongly depends upon the lithologies present in the surface
catchment area and probably also in the karst-draining system
which feeds the tufa.

5. The tufas studied were formed in the Mid-Holocene,
namely in Atlantic and Sub-Boreal times. Subsequently, they ex-
perienced substantial erosion and were incised down to their
Mesozoic basement. Erosion is hypothesized to have been
stimulated by deforestation caused by prehistoric humans.

6. Following erosion, this deposition of tufa was renewed. At
present tufa grows at all the sites studied.
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