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Development of new stratigraphic techniques has led to better understanding of the compositional variability and quan-
tity of dust-related impurity components in pure marine limestones, with a considerable impact on stratigraphic resolu-
tion and explanation of causality. The early Middle Frasnian (E-MF, punctata Zone) stratigraphic interval was selected
for this study in order to assess the contribution of atmospheric dust and to distinguish between the robust climatically
driven anomalies and the potential distant effect of the Alamo impact. The location of the study in the Moravian Karst
area has two advantages: there are no mixed carbonate-siliciclastic sediments, only the pure limestone of a platform reef
complex, and the authors have access to voluminous survey and drilling reports. The methodology employed for under-
taking the most recent research was based on succession and combination of the following steps: biostratigraphy and fa-
cies analysis, magnetic susceptibility (MS), gamma-ray spectrometry (GRS), instrumental neutron activation analysis
(INAA), and finally, separation and assessment of rare non-carbonate particles. The natural atmospheric dust burden,
deposition, and embedding in pure carbonate traps were, most likely, threefold higher during the Frasnian in the Upper
Devonian in comparison with Quaternary platform reef counterparts. Variation of 10–100 ka averages is medium in
terms of the Frasnian ranges of MS–GRS values, and the base and top of the E-MF interval are manifested by robust ele-
vations of these values. Forced anomalies in MS, GRS and geochemical signals that defy the normal sequence of
rhythms were found: two anomalies disturb the broad middle part of the E-MF interval and one is superimposed on the
upper part of the punctata–hassi zones strata. The most significant disturbance was found near the mid-punctata Zone
level. In spite of the relatively low magnitude, it shows features that are usually related to major environmental crises
which occured in the Devonian, such as the Choteč, Kačák or Kellwasser events. These include a large depression in MS
and dust-particle concentration values coupled with a period of sea level lowstand and calm atmospheric conditions
(stage A), and an abrupt shift to high MS that has a comb-like pattern that gradually fades upward, developed together
with a forced flooding surface, increased detritism, and stormy conditions (stage B). It is a reverse of the normal cyclicity
in pure limestone when the high impurity corresponds to lowstands. A very small amount of particulate material of an
exotic nature was found at the A–B stage interface and assessed: it contained iron-rich silicate microspherules and drops,
devitrified glasses, tiny mineral/rock clasts of hyperbasite compositions, as well as pellets and clumps of glasses and
phlogopites. The silt-sized particles show ablated and striated surfaces, flow deformation of devitrified glasses, and lay-
ered onion-like structures. Iron-rich lamellae with meshwork crystal patterns occur among decrepitated crystalline min-
eral phases. This material is tentatively attributed to some vigorous ejection of deep Earth layers, or speculatively, to
some previously undescribed olivine-phyric to basaltic and Ni-, Cr-depleted siderolite material of meteoritic origin.
• Key words: mineral dust, platform reef, sedimentation of particulates, sedimentary rhythms, stromatactis, climate con-
ditions, magnetic susceptibility, gamma-ray spectrometry, geochemistry, mid-punctata Zone perturbations, Alamo im-
pact event, Upper Devonian, Brunovistulian terrane, Moravia, Czech Republic.
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The study aims to develop a more comprehensive under-
standing of conditions during the early Middle Frasnian
(E-MF) in the lower part of the Upper Devonian. The ob-
ject of this work is to draw a more detailed picture of the
connections between the structure and compositions of
coeval off-shore platform reef strata and their capability to
provide information about amounts and quality of the at-
mospheric dust which was deposited in off-shore marine
areas, partly preserved and embedded in pure bio-organo-
chemo-precipitated calcite limestone. This led to the devi-
sing of a complex of methods which progressively merge
the elements of information: using biostratigraphy, meso-
and microscale facies analysis, stratigraphic variation of
magnetic susceptibility (MS), gamma-ray spectrometry
logging (GRS), geochemical data sets, measured mainly by
means of instrumental neutron activation analysis (INAA),
and finally separation of larger and diagenetically less alte-
red particles in the micrometre- and above micrometre size
ranges.

The particular problems related to the E-MF time inter-
val have been addressed as the number of open questions
about sedimentology, background conditions and nature of
the observed environmental perturbations is significant
and increases over time. In the most general terms, the
E-MF interval represents an acme in shallow water reef de-
velopment with extensive flooding over continents and di-
versified reef morphologies (Boulvain & Wood 2007, also
Burchette 1981; Hladil 1986, 1988; Kiessling et al. 1999;
Copper 2002). However, in contrast to this paleogeo-
graphical-facies image, the carbonate production seems to
be reduced, and sedimentary and geochemical records are
affected by perturbations of complicated structure (Geršl &
Hladil 2004, Buggisch et al. 2006, da Silva & Boulvain
2006, Yans et al. 2007, Racki et al. 2008, Nawrocki et al.
2008, Ma et al. 2008, John et al. 2008). These papers
started to map a time and space image of paleontological,
but mainly lithological, geophysical and geochemical
proxies to climatic forcing. The results describe significant
secular trends with a real mosaic of environmental changes
rather than sharply outlined and singular events, such as the
Alamo impact in Nevada (Morrow et al. 2005, 2007; Pinto
& Warme 2008; or Warme & Sandberg 1995, 1996; Mor-
row & Sandberg 2003) which is of mid-punctata age and,
thus, coeval with culmination, but not with the beginning
the oceanic anoxic-dysoxic perturbations.

To answer this contradiction, there remains a need for
work on separation of typically terrestrial and cosmic influ-
ences, secondary feedback mechanisms, as well as giving
details about disturbations in climatic cyclicity and
rhythms. The Moravian Karst area, SE Bohemian Massif,
has been selected as an appropriate site where very pure
limestone, vertically accreted on isolated platform reefs,
should be a sensitive recorder of deposition of atmospheric
and cosmogenic dust. The main advantage is that there

were very shallow sedimentary surfaces which were dis-
tant from riverine or coastal detrital inputs but were effec-
tively trapping the atmospheric background sediment
(Hladil 2002, Bosák et al. 2002, Geršl & Hladil 2004,
Hladil et al. 2006a).
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Environmental disturbances of Lower to Middle Frasnian
Earth systems became subject to increased scrutiny in the
search for distal effects of the Alamo impact (Morrow et al.
2003). According to the most recent studies and compilati-
ons (Morrow et al. 2007, Pinto & Warme 2008), a come-
tary impact occurred in an off-platform setting, on the edge
of the Protopacific ocean, in what is now western Nevada,
USA. The impact was approximately dated to the mid-
punctata Zone stratigraphic level.

The impact significantly reshaped the adjacent conti-
nental slope, shelf, and coast over distances of several hun-
dred kilometres. The crucial evidence of this impact is sup-
plied by huge seismically driven detachments and
collapses of upper crustal, mainly sedimentary rocks (on
the periphery of the impact), rapid excavation of the deep
stratigraphic basement, mega-tsunami and back flow sedi-
ments of great thicknesses, shocked quartz, glassy melt
grains, large carbonate accretionary lapilli, ejecta bombs,
and distal ejecta debris. The size of the impactor has been
calculated very approximately and in different ways. For
illustration, a tectonically obliterated crater in the ocean
floor could be 1.5 km deep and 50 km wide, ±30%, relevant
size of the impactor for a comet with embedded stony bod-
ies could be about 2 km in diameter, and height of primary
tsunami waves are estimated to have reached 0.3 km
(Warme & Sandberg 1995). Around the target, the high-
est-magnitude seismic event in lithosphere and cata-
clysmatic dynamics in ocean and atmosphere led to a con-
siderable disarrangement of sedimentary units that resulted
in hiatuses, detachments, as well as redeposited and min-
gled materials.

In proximal areas, Morrow et al. (2003) found a strong
δ13C oscillation dominated by a partial positive shift within
the upper part of the C-unit of tsunamite sediments. The
units A to D are marked upside down, so that this position
is relatively deep in the redeposited materials. The authors
inferred that this marker must have preceded the impact by
0.1 Ma. Subsequently, they initiated interregional correla-
tion of isotopic data. This correlation was made in Belgium
and Poland but Czech and Chinese published data where a
disarranged mosaic of increased δ13Ccarb values was found
were also included (Yans et al. 2007). Locally, the δ13C
positive shift started in late Early Frasnian, but remarkable
assemblages of highly positive values (to +5‰) were
found in the Palmatolepis punctata conodont Zone
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(e.g., Geršl & Hladil 2004, fore-reef facies of Moravian
Karst). Two considerably broad bands with irregularly
fluctuating high δ13C values, which decline in the end-
punctata interval, are characteristic (Pisarzowska et al.
2006).

Although this positive δ13C anomaly is a strati-
graphically broader fuzzy band, Yans et al. (2007) consid-
ered the main enhanced values as roughly coincidental to the
Alamo event. Further more, considering that this Middle
Frasnian isotope event has no visible relationships to major
biota turnover or sea-level change, they hypothetized that it
was triggered by the Alamo impact, which may have conse-

quences in the massive dissociation of methane hydrates and
rapid onset of a global warming episode.

Other results suggest that many 13C-isotope fluctua-
tions, magnetic susceptibility (MS) shifts, or litholo-
gical/paleontological changes in the punctata interval can-
not be so simply correlated with a single catastrophic
change. It is particularly relevant to thick sections of mixed
carbonate-siliciclastic sediments in Belgium (Boulvain &
Coen-Aubert 2006, da Silva & Boulvain 2006, Boulvain
2007). Most recently, the buildups in Arche Member were
chronostratigraphically moved higher up and assigned in
full to the punctata Zone, and a new mound member has
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�	����� ! Location. • A – the early Late Devonian paleogeographical position of the Moravian Karst platforms and reefs relative to the Alamo impact on
a simplified paleogeographic globe by Stampfli & Borel (2004). • B – present-day upper crustal mosaic; the relicts of these former crustal blocks occur at
the southern tip of subparallel juxtaposed units which form a wedge between the margins of deeply eroded Late Paleozoic Variscan orogen and younger,
Mesozoic–Cenozoic Carpathian–Alpine thrust belts. • C – geographically, the studied area lies in eastern part of the Czech Republic, historical country
Moravia; the closest larger town is Brno. • D – localization of sections on a simplified geological map of the Moravian Karst outcrops together with con-
tinuation of limestone facies in subcrop of Carboniferous units.
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been defined in the upper punctata interval (La Boverie).
The Belgian authors found significant eustatic control and
several rapid eustatic fluctuations that indicate that the
punctata event evolution is quite complex.

Slight or medium elevated Ir anomalies were found
near the Alamo (Morrow et al. 2005, 2007), concentrated
in terminal tsunamite layers, together with impact-gener-
ated carbonate accretionary lapilli, or laterally equivalent
distal horizons. In distant areas on the globe, e.g., in the
Moravian Karst, Ir concentrations of a few μm/kg (ppb) are
scattered in the sections rather than exclusively bound to
the mid-punctata level (Hladil et al. 2004). A synthesis of
all available information was given by Racki et al. (2008)
who explained a broad early Middle Frasnian perturbation
as an environmental effect of enhanced bioproduction an-
oxia related to high δ13C values in precipitated carbonate
where the limiting strong oscillations are placed close be-
low the base of the punctata interval and in its uppermost
part. Secular trends towards slight cooling, land emer-
gence, and intensified weathering have been inferred from
increased δ18O and 87Sr/86Sr values. The MS data suggest
two main pulses of increased detrital input: near the bound-
ary of the Pa. transitans – Pa. punctata zones and in the
lowermost part of the Pa. hassi conodont Zone (Hladil et al.
2006a, da Silva & Boulvain 2006, Nawrocki et al. 2008,
Racki et al. 2008). The correlative resolution of environ-
mentally triggered events during the early Middle Frasnian
perturbation remains very rough and approximate.

&�����	����
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The Moravian Karst area, which was selected for this
study, is located near Brno, Czech Republic (Fig. 1). Geo-
logically, it is a series of Brunovistulian terrane segments
which border the easternmost outer part of Variscan oroge-
nic belts in Moravia. The terrane relates to the Brunnia
paleocontinent (Zapletal 1931) and its predominant crys-
talline rocks, Brunovistulicum – the Brno unit, with simila-
rities and extension to the upper reaches of the Wisła River
(Havlena 1976, Dudek 1988). According to deep seismic
sounding and gravimetry, this autonomous aggregate of
Cadomian rocks widely extends the areas of outcrops and
drilled localities and spreads far under the tectonically ex-
truded and stretched Variscan and Western Carpathian Al-
pide arcs in the depths of several tens of kilometres.

The southernmost tip of the Brunovistulian Neopro-
terozoic basement, squeezed between these two orogenic
fronts of different ages, consists of wreckage from numer-
ous Neoproterozoic plutons, gneisses, biotite and horn-
blende schists, and other metamorphic rocks, together with
a relict belt of Proterozoic ophiolite sequences.

The deeply dissected old crystalline rocks were locally
covered by the Early Cambrian clastics which finalized the

Cadomian orogenic cycle with braided river delta and allu-
vial fan facies, combined with marine ingressions. The
Middle Cambrian to Silurian (100 Ma interval) sediment
cover is absent, and erosion prevailed until the Lower De-
vonian rifting and transcurrent faulting breakage (Cháb et
al. 1984, Hladil 1988).

The Devonian continental sandstones and conglomer-
ates with rare marine ingression levels are relatively thin,
less than 50 m in average. The lithospheric blocks,
stretched during continental extension, slowly subsided
and were flooded by ocean water due to rising sea level.
The southern Brunnia region in particular was covered by
a pure limestone platform and reef sediments (Bosák et al.
2002, Hladil et al. 2006a). This extension was changed
into transtension and then to transpression during the ter-
minal Devonian and earliest Carboniferous. Strong
orogenic deformation, however, did not develop earlier
than with the end-Visean onset of the Late Variscan de-
formation.

The formerly separated parts of the Brunnia paleocon-
tinent were again aggregated and tectonically rearranged
within the margins of the Variscan orogenic belt. Collisional
extrusion of former accretionary wedges and, subsequently,
a huge Late Carboniferous shear zone propagated to both
the Brunnia basement and its Paleozoic sedimentary cover;
large volumes of allochthonous, mostly orogenic
siliciclastic sedimentary units were thrusted over (Galle et
al. 1995, Hladil et al. 1999, Bábek et al. 2006). The maxi-
mum stage of thermal alteration in Moravian Karst ranges
between 150–250 °C (Franců et al. 2002).

The paleogeographic position of the southern Brunnia
segments can be traced by paleomagnetic and paleobio-
geographic links to Baltica for the Cambrian (Nawrocki et
al. 2004), but other lithological and biogeographical root-
ing, based on the Neoproterozoic crystalline basement and
its Devonian cover, points to a considerably distant eastern
origin among peri-Gondwanan microcontinents (Hanžl &
Melichar 1997, Hladil 2002, Kalvoda et al. 2002). In this
context, a separate early post-Cadomian position between
Gondwana and Baltica was interpreted by several authors
(e.g., Winchester et al. 2002, Hladil 2002).

The initial Cambrian position, therefore, can be esti-
mated within broad error bands; tentatively – paleo-
latitudes 40° (±15°) S but at least 1500 ± 500 km to the E
from the early Middle Frasnian (E-MF) position. The
E-MF paleomagnetic position for the Moravian Karst can
be interpolated to 20° ±10° S. The path of drifting in a direc-
tion oblique to these paleolatitudes could be 2000 ±1000 km
during ~140 Ma interval (?0.7 to 2.1 cm/year), but the
transport in a collage of lithospheric plates remains un-
clear.

The main problems are rotation of Baltica (Cocks &
Torsvik 2005) and lack of good paleomagnetic data with-
out strong post-Devonian overprints. The most significant
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evidence of the paleogeographical continuity is the
end-Frasnian–Tournaisian bioprovincional integrity with
terranes in SE Europe and Turkey (Hladil 2002; Kalvoda et
al. 2003, 2008). The Frasnian facies and faunal dissimilar-
ity between Moravian and Polish segments is strong
(Zukalová 1980, Hladil 1994, Hladil et al. 1999, Hladil
2002), although a certain resemblance between the NW
and SE flanks of the Upper Silesian coal (molasse) basin
can be inferred from the presence of pure-limestone
Eifelian–Visean carbonate platforms on both sides, but not
further towards the shelf interiors (Narkiewicz 2007).

Even in the Variscan foreland, the lithologically dis-
cernible blocks are separated by faults and sutures. Various
parts of outer carbonate platforms and inner Laurussian
carbonate shelf were juxtaposed. The evidence exists that
the individual blocks were transposed and former deep-wa-
ter basins were closed, deformed, and locally obliterated
(Racki 1993, Vierek 2007, Hladil 2002, Bábek et al. 2007).
These sutures were often rejuvenated with younger faults
in the Saxonian, NW–SE direction. In spite of this re-fault-
ing, the location of three faults (Český Těšín – Ostrava,
S of Olomouc, and S of Brno; Fig. 1) is undoubtedly cou-
pled with sharp biofacies boundaries indicated by the com-
positions of coral and stromatoporoid faunas (Galle 1985,
Galle et al. 1988).

The Lower–Middle Frasnian carbonate platforms and
reefs in the Moravian Karst have numerous facies and fau-
nal characteristics in common with other tropical shal-
low-water carbonate settings of Laurussia or worldwide.
An increased similarity to Dinant and Kuznetsk faunas is
characteristic for the Eifelian–Lower Frasnian interval.
However, during the E-MF punctata interval, links to ter-
ranes on the European SE gradually become dominant and
remain significant for all the late history of Moravian plat-
forms. The Frasnian separation of individual platform reef
segments developed concurrently, as it is evidenced by
steepening of carbonate slopes, locally running to depths
reaching about 1 km maximum (Hladil 1988, Bábek 1996,
Bosák et al. 2002).

In addition, a constant E-MF supply of ocean water on
large and shallow isolated or semi-isolated platforms is re-
corded by the absence of dolomite and evaporite pseudo-
morphs, and also adequate proliferation of reef-builders
(Dvořák 1990, Hladil 1994). The E-MF interval in the
Moravian Karst is characterized by a position just after the
maximum stands of the Devonian sea level, and the pure
limestones reflect a generally increasing delivery of eolian
dust (Hladil et al. 2006a).

Three sections are compared in this paper; they repre-
sent different facies development (Fig. 1).

1. Mokrá Quarry West with deposition on very shallow
gently inclined ramp.

2. Ochoz Skalka Quarry with deep lagoon in an atoll
shaped reef structure.

3. Svážná studna Cave behind and around an exposed
platform reef front.

The thicknesses of limestones related to the E-MF
punctata interval (Hladil 2002, Hladil et al. 2006a) do not
exceed 10, 15 and 30 m, respectively. These relatively low
thicknesses may correspond to a reduced E-MF carbonate
production that was recently postulated in several papers
(e.g., Boulvain & Wood 2007, Racki et al. 2008). A possi-
ble reason is the sea water dysoxy reaching shallow
bathymetric levels.

This deficiency was, however, followed by increased
differentiation of platform reef relief. The light grey col-
ored biohermal limestones remained locally in contact with
sea level, with sufficient accretion of reef sediment, and
they formed spots and stripes of reduced surface. The rate
of sedimentation in lagoons and moats strongly decreased,
and these became therefore deeper than before. Distinc-
tively, there is slight or no relative enrichment of blackish
grey lagoonal limestones by illite-smectite background
sedimentary components relative to the light grey, shal-
lowest limestone strata.
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The study design was robust but simple. After the
reef-architectural and biostratigraphical positioning within
the stratal successions was determined, the magnetic sus-
ceptibility (MS) logs were used for detection and correla-
tion of anomalous intervals. Using the gamma-ray spectro-
metric methods (GRS) and multi-element geochemistry
that consisted of whole-rock instrumental neutron activa-
tion analysis (INAA), the nature of principal log patterns
was assessed. Then the large-volume samples from corre-
latable anomalous levels were taken to separate the nm–μm
sized particles which could be carriers of specific rock pro-
perties. These were analyzed by means of standard electron
microprobe techniques (EMP, EDX, SEM). Using this bio-
stratigraphy–MS–GRS–INAA–mineralogy procedure we
were able to refine the previous data for the E-MF (Hladil
et al. 2006a).

Biostratigraphy and facies. – The Pa. punctata conodont
zone correlative set of beds was derived from the
1960–1980’s geological survey base data on conodonts
from peri-reef sediments (Palmatolepis punctata with Me-
sotaxis asymmetrica and Ancyrodella gigas above; former
Middle asymmetricus Zone). The punctata interval has
also been projected to the scale of the local stromatopo-
roid–coral biostratigraphy (Hladil 2002; Hladil et al. 1999,
2006a).

It was found that the base of punctata Z. coincides with
the following faunal replacements: Rugosa – Hexagonaria
and Thamnophyllum monozonatum by Alaiophyllum and
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Tabulophyllum spp.; Tabulata – Alveolites suborbicularis
and Crassialveolites evidens by Alveolites complanatus
group; Stromatoporoidea – Actinostroma dehorneae by
Amphipora moravica and Syringostroma vessiculosum.
Amphipora rudis repopulated sheltered areas in the upper
third of the punctata Z., and the first detectable occurrences
of Multiseptida and Paratikhinella or very similar
foraminifers can be traced in limestone thin sections to the
depth of the laterally correlated punctata/hassi level (Galle
et al. 1988, in terms of present-day local stratigraphic prac-
tice).

Lithostratigraphically, the base of the 1st Frasnian reef
gallery of cross-facies correlation value has a substantial
applicability for approximate determination of the E-MF
base (cf. Dvořák & Friáková 1978; Galle et al. 1988; Hladil
1983, 1988, 1994, 2002; Hladil et al. 1999, 2006a; Bábek
et al. 2007) (Fig. 2). New thin sections from the Mokrá and
Ochoz sections were employed in expanding the databases
on biostratigraphy and microfacies. The vertical spacing of
thin sectioned intervals was ~0.5 m, using always the 3–10
thin-section arrays for covering the variability of rocks
(~320 sections, ¼ for microprobe).

Magnetic susceptibility (MS). – The MS stratigraphy ser-
ved as a primary information resource and was primarily
used for high resolution juxtaposition of the sections. The
relevant methods, techniques and their application in li-
mestones have recently been described in detail (Crick et
al. 1997, Ellwood et al. 2000, Hladil et al. 2006a, DaSilva
& Boulvain 2006).

Specifics: The sampling was carried out on succes-
sively added parallel sections side-by-side, with 10–20 cm
spacing of samples, and the values related to levels with
variable lithologies were strengthened by horizontal rows
of samples. Raw datasets are called grids. The MS mea-
surements were carried out in the Průhonice Paleomagnetic
Laboratory using the Agico kappabridges KLY-3/4.

Interpretation skills: For this case of pure limestone, the
interpretations followed the principles that the MS strati-
graphic variation in pure limestones is less related to lo-
cally occurring stratal arrangements and cycles than it was
assumed for limestones in general (Whalen et al. 2000,
Whalen & Day 2005, da Silva & Boulvain 2006). The re-
cord reflects the overall climatic control of quantity and
quality of the delivered atmospheric dust (Hladil et al.
2006, da Silva et al. 2008, Boulvain et al. 2008a). Cer-
tainly, the major eustatic cycle control on dust and overall
detrital production and dispersal exists, but the final result
is far more complicated by nuances of climates, atmo-
spheric/ocean circulation and facies (Hladil et al. 2006).

Using a very simplified scheme of the relationships be-
tween global sea level fluctuation and magnitude of detrital
delivery and paramagnetic components of complex impu-
rity in limestone, we can state that there were repeatedly
documented situations when long term highstand settings
and low MS correspond to decreased delivery of this impu-
rity whereas the low stand settings with large emerged ar-
eas of land correspond to high production and dispersal
leading to high MS (Ellwood et al. 2000, Hladil 2002).
This grand scheme is often valid for analyzing the se-

1"

�	�����'! Illustrative and approximate ideal outlines of facies architecture. The stratigraphic position of the base-punctata and mid-punctata levels is
marked. • A – the Moravian Karst facies, isolated platform reefs, simplified after Hladil (1983, 2002). • B – Belgian mixed carbonate-siliciclastic facies,
mostly ramps with reefs, simplified after Boulvain (2007). In both the systems, the punctata interval corresponds to the 1st Frasnian gallery of laterally in-
termittent bioherms and other bioaccumulations.
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quences of limestones. However, a just inverse function
has recently been defined for major environmental
perturbances (crises) in the Devonian where low sea level,
low MS, but also low detritism and low delivery of dust are
connected, and vice-versa, high sea level, high MS, high
delivery of highly magnetic compounds was recorded.

It was suggested that these anomalous situations might
have arisen due to anomalous, extremely calm and stormy
atmospheric/ocean conditions (Hladil et al. 2002, 2008b).
A relevant modus operandi for these inverse settings can be
suggested based on solid evidence of powerful interre-
gional correlation using the MS stratigraphic variation
which is exclusively, or at least mostly, realizable due to
continents and basins crossing eolian dust input.

These data relate to two published cases: the almost
cosmopolitan similarity of the Kačák event MS curves
(Crick et al. 1997, Hladil et al. 2002) and very good match-
ing between two long, Eifelian–Frasnian composed MS
sections in Moravia and Belgium (Hladil et al. 2006a,
Boulvain et al. 2008a). In spite of the difference which ex-
ists between these distant basins, where, for example, the
Belgian basins have significant riverine and coastal detrital
inputs, the evolution of MS stratigraphical patterns is al-
most identically developed in this and other basins com-
pared with the Moravian pure-limestone platform reefs.

Gamma-ray spectrometry (GRS) and instrumental neutron
activation analysis (INAA). – The gamma rays registered in
surveys of rock formations are based on isotopes 214Bi
(from U decay chain), 208Tl (Th) and 40K (K), the total
gamma-emission is registered in selected energy windows.
The latter often differs according to equipment used and
has, therefore, only relative or informative value. Although
the first portable multi-channel gamma-ray spectrometers
were designed for field applications in the 1960’s (Mox-
ham et al. 1965, Knoll 1989, Darnley 1991), the GRS out-
crop logging method for detailed stratigraphic work and
paleoenvironmental purposes in limestones came into use
much later (e.g., Reisinger & Hubmann 1998, Ruffel &
Worden 2000, Hladil 2002).

For this study, a calibrated gamma-ray spectrometer
GS-512 Geofyzika/Satisgeo (7.62 × 7.62 cm = 3 × 3 inch
NaI/Tl detector) was used in a mode with direct display of
computed concentrations of K (%), U (ppm) and Th (ppm).
Conditions for measurement involve keeping the probe
axis bedding-parallel and perpendicular to smooth and pla-
nar parts of the wall (as much as possible), and sufficient
stabilisation during a 240s period.

One advantage of this GRS application is that we can
obtain ± averaged values where ~95% of the signal comes
from a target which is equivalent to 90 kg large-volume
samples, and optimum low overlap distances of target cen-
tres are 0.5 m. This spacing was used for reef limestones in
this study, which are thought to have encompassed all the

GR-hot spots, fills, lenses, or sutures, which commonly es-
cape point sampling.

The 1 kg point samples for instrumental neutron activa-
tion analysis (INAA) measurements for geochemistry were
taken with the same spacing of 0.5 m. They involved par-
ticularly the packstone/grainstone matrix. The rocks were
ground to pass through a 0.07 mm (200 mesh) screen prior
to homogenization, and 150 mg portions were analyzed by
means of short and long-term irradiation activation analy-
sis. The method from the 1930’s came to use in the 1960’s,
when principles were compiled and applications per-
formed (e.g. Bate et al. 1959, Leipunskaya et al. 1960,
Eckhoff et al. 1968). The technical data related to the sub-
sequent and most recent INAA technology development at
the Nuclear Physics Institute are described in a series of pa-
pers (e.g., Kuncíř et al. 1970, Řanda & Kreisinger 1983,
Řanda et al. 2007). The use of INAA in limestones does not
significantly differ from other studies of geomaterials in
general, only the dominant Ca emitter after irradiation
(49Ca → 49Sc + γ 3084.5 keV) has an effect on measure-
ment of trace elements. Further, the computing of Ce, Mo,
Nd and Zr concentrations requires slight correction due to
fission of uranium. As it is generally known, the best con-
ditions for counting individual isotope (element) spectral
data differ according to specific half-life radionuclide de-
cay time and possible spectral interferences. Therefore,
selective and repeated measurements at appropriate time
intervals after the irradiation provided high precision re-
sults. These measurements were also calibrated by means
of comparison with ICP-MS measurements (Hladil et al.
2006a, Strnad et al. 2008).

Separation and assessment of rare non-carbonate partic-
les. – Two 50 kg samples (Mokrá, Ochoz) were taken by
means of vertical channel sampling through 1.5 m thick
anomalous intervals. The sampling and processing proce-
dure was repeated, for verification. The limestone was
crushed first in a jaw crusher and then in a rolling mill,
using gradual adjustment of distances and movement of
jaws and cylinders, respectively.

Optimizing the conditions: Co-located forerunner sam-
ples were used for adjustment of material disconnection
parameters, and particulate pollutants were sampled and
analyzed at machines, in the room and outdoor space to
avoid unexpected sources of contamination. The material
was repeatedly sorted on Wilfley tables, wet gravity based
separation shaking devices, and four heavy size fractions
were treated separately using gravity and ultrasonic tech-
niques. Dried and cleaned material was sorted using a mag-
netic separator at 2.0 A. The magnetically separated frac-
tions were finally sedimented in bromoform (CHBr3) at
real ρ 2.852 and then diiodomethane (CH2I2) at ρ 3.303.

From the resulting heavy fractions (according to size,
magnetic properties and density) there is a reasonable
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chance of subsequently locating the best yields of suspect
grains/particles. The final gain of suspect grains was sorted
and documented first according to morphology and semi-
quantitative composition of grains (standard SEM and
EDX Jeol), and after mounting and polishing, determina-
tion of individual phases was made using a Cameca
SX-100 microprobe. The work was carried out in the Labo-
ratory of Physical Methods of the Institute of Geology
AS CR.
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Faunal and thanatocoenotic successions. – The descrip-
tion of environmental mosaics and how environmental
changes can differently impact on benthic carbonate facto-
ries do not require use of very distant sections. The min-
gling of two hypothetical end-members corresponding to a
clear record of major environmental forcing, micro-events,
and events of supra-regional dimension, and complicated
3D patchy mosaic structure can be illustrated using secti-
ons which are only few tens of kilometres apart (Mokrá,
Ochoz and Svážná studna – Figs 1, 3–6).

Mokrá (Hladil 2002, and literature cited therein). The
early Middle Frasnian (E-MF) punctata correlatable inter-
val spans from the mark –58.0 m (base) to –47.7 m (upper
end; measured from the above-lying Frasnian–Famennian
(F/F) disconformity). The E-MF shallow ramp biofacies
are characterized by remarkably low abundances of corals.
Beginning from the base of the E-MF, the uppermost field
record of a ?Hexagonaria colony fragment is 4.5 m below
this base; one fragment of ?Phillipsastraea was closer,
only 1.3 m. Rare coral pieces comparable with Peneckiella,
Thamnophyllum monozonatum, ?Disphyllum cf. karolinae
were recorded 4.2–3.7 m below the E-MF, with continua-
tion in small ?Thamnophyllum fragments stretching up to
the basal laminites – the latter is particularly common on or
closely underlying a dark-grey to blackish storm bed,
where 5–15 mm fragments of Alveolites suborbicularis
were also found. The singular colonies of Crassialveolites
evidens and Tyrganolites cf. frasnianus under the E-MF

were found only due to several hundreds of meters of rele-
vant rock core (quarry-exploration drilling network).

Above the E-MF base, the type populations of the
stromatoporoid Actinostroma dehorneae were suppressed
in abundance, although other Plectostroma–Actino-
stroma-related forms recolonized this ramp at several lev-
els above. The same decrease in abundance, but with diver-
sification of morphotypes, was found for Scoliopora
denticulata.

The E-MF beds are also marked by scattered occur-
rences of Alaiophyllum and Tabulophyllum rugose corals,
together with Alveolites ex gr. complanatus. Gradual but
massive colonization by Amphipora moravica and Amph.
tschussovensis, with other SE Laurussian–Gondwanan
amphiporids succeeding closely thereafter, is the most visi-
ble sign of changes in this interval. However, the species
Amph. rudis survived this invasion and competitively re-
populated the ramp again, mainly in the upper third of the
E-MF.

Thus, in the conditions found in Mokrá, the first occur-
rence of Amph. moravica considerably preceded the first
arrival episodes of uniserial Multiseptida and Para-
tikhinella foraminifers, which mark the end of the E-MF
and the base of the above-lying hassi-Z. interval. The
stratigraphic concurrency of the Amph. moravica, and
Atelodictyon, Syringostroma vessiculosum fauna and
conodonts of the punctata Z. (formerly middle asym-
metricus Z.) was inferred from drilling sections from sur-
rounding areas in general (Galle 1985, Galle et al. 1988,
Hladil 2002, Hladil et al. 2006a).

Several other biofacies markers are worthy of note.
At the base of the E-MF, remarkable “Moravamminidae”,
and ?Palaeoberesella felt-like structured algal mats occur,
alternating with coral-free gastropod beds. The deepening
above the E-MF base is marked by the presence of brachio-
pod, mollusc, crinoid, and rugose coral skeletal hash.
In thick beds at –56 m, a diversified assemblage of
stromatoporoids contain coenostea of ?Habrostroma,
Stromatopora, Clathrocoilona and ?Idiostroma; the latter
often with traces suggesting intense sponge bioerosion
(Figs 4M, 6).

13

�	�����)! Mokrá and Ochoz sections. General views of recent quarry shapes, appearance of the beds in quarried walls, and the most remarkable facies in
these sections. • A – outlines of Mokrá Quarry West (coordinates of the section correspond to tip of arrow). • B – Mokrá, a photograph of quarried beds is
compared with the scale which is used in diagrams in other figures. • C, D – Ochoz Skalka Quarry, outlines of the quarry and beds with scale.
• E–G, H, I – remarkable facies from Mokrá and Ochoz, respectively. E – fine-scale, laminated coverstone fabric results of alternation of cryptalgal,
“Moravamminidae” and bacterial mats with bioclastic/lithoclastic grainstones. F – abundant fenestral fabrics are preserved in thicker layers of poorly
washed material of similar type. They are partly thrombolites, but many of them reflect only processes of sedimentation and earliest stages of diagenesis.
Degassing of water in intertidal and related cementation were possibly employed, in combination with bubbles from decayed organic matter and second-
ary leaching and settling of the sediment. Collapsed dish-like sutures are in lower and upper parts of the figure; these may originate due to the escape of
fluids during sedimentation. G – the laminated coverstone layer ends with a hardground (hgr) which is covered by broccoli-shaped stromatolites (stl).
H – bulbous coenostea of stromatoporoids (stp) redeposited by storms; sponge borings of Entobia type (ent). I – the accreted and intermittently
storm-amalgamated, poorly washed boundstones contain a number of amphiporids (amp), stachyodids (sta), a variety of bulbous stromatoporoids (stp)
and branched rugose corals (rug).
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Ostracod valves are common. Abundant calcispheres
with Parathurammina and Irregularina foraminifers char-
acterize the overlying rhythms where relict populations re-
sembling the taxa Amph. pinguis, Amph. laxeperforata,
and Amph. rudis were gradually replaced by eastern-type
amphiporid immigrants and the first Amph. moravica. At
the mark –53.5 m, Atelodictyon moravicum, Parallelo-
stroma and ?Stromatoporella spread over several surfaces
and have a high population density. These levels are well
recognizable in the architecture of stratal units (Fig. 6).

Above, a series of microbial mats interlacing the skele-
tal/lithoclastic grainstones developed, with an abrupt up-
ward transition to (fresh) skeletal grainstones with unal-
tered bioclasts and clear cements. The limestone prevailing
at the –52 m mark consists of laminites and contains origi-
nally semi-lithified lumps, but amphiporids are very rare.

The anomalous appearance of this part is accented by a
specific insertion which corresponds to the microsequence
at the mark of –51.5 m. Here, the stromatoporoids
Plectostroma–Actinostroma and Stachyodes are mixed to-
gether with many other incompatible shallow-water
lithoclasts. Coenostea of redeposited stromatoporoids are
often opened by sponge borings, Entobia. Sparse fauna in
the overlying beds is dominated by diverse amphiporids
and many unilocular benthic foraminifers.

The next truly remarkable point in this section relates to
a short series of bedding contacts which developed at the
–48.5 m mark (= from the bottom to top: an episodic
sponge-spicule wackestone facies/hardened packstones/
bioeroded hardground/horizon of broccoli-shaped stroma-
tolites – Figs 3G, 4C, D).

Close under the upper E-MF boundary, a couple of
biofacies characteristics emerge in a considerably irregu-
lar, intertidal/subtidal set of beds. These are, firstly, the
co-occurrence of Amph. tschussovensis and nodules of
Solenoporaceae (red algae), and secondly, grainstones
with 10–15 cm Megalodont shells (bivalves). These two
specifics are typical mainly for the overlying hassi to
rhenana Zs. at Mokrá (compare the Moravian stratigraphic
literature cited; also Figs 4, 6).

Ochoz (Geršl & Hladil 2004, and literature cited
therein). In this section, the E-MF was adjusted between
the marks 0.6 (base) and 15.1 m (upper end), i.e. in beds
above the pre-selected reference point (op. cit.) – Figs 3, 5,
and 6. None of the distinctive regional biostratigraphic
markers are absent in this section. In spite of this relative
completeness of the biostratigraphic evidence, the Ochoz
section belongs to a depositional system with many spe-
cific features and problems. These relate to its deposition in
about 10–30 m of water and a 2–3 km wide atoll-shaped la-
goon which was rimmed by narrow reef margins with
stachyodids and crinoids.

This lagoon was filled by very pure but blackish grey
limestone (CGS geological map sheet 24-413, 1 : 25.000).

In Skalka Quarry, the Givetian–Frasnian (G–F) boundary
beds, heavily populated by Amphipora angusta for the
last time, were reached by quarrying in October 2008. The
successions below are characterized by alternation of
light and dark beds (Fromelennes-like interval), whereas
the overlying punctata to transitans beds are predomi-
nantly blackish grey, well bedded limestone containing
sporadic amphiporid and stromatoporoid, brachiopod,
tabulate and rugose coral faunas; Thamnopora bolonien-
sis are conspicuous by their whitish branched coralla in
several levels.

The stromatoporoid community close below the E-MF
base is already richer than its local precursors and is domi-
nated by Actinostroma hebbornense – devonense – crasse-
pillatum – dehorneae and Amphipora pervesiculata – laxe-
perforata – rudis. Close above the E-MF base (27 ± 2 m
above G–F), Atelodictyon cf. sphaericum spissum,
Synthetostroma actinostromoides, ?Taleastroma, Stroma-
topora, Hermatostroma longipillatum, and Stachyodes
lagowiensis occur together with Amph. rudis. At Ochoz,
the populations of Act. dehorneae and Amph. rudis were
less environmentally deprived than elsewhere in the
Moravian Karst.

In the background of the newly arriving E-MF forms
such as Amph. moravica, Syringostroma vessiculosum, di-
verse Atelodictyon and Tienodictyon species, many arche-
typal (conservative) lineages survived. These can be exem-
plified by admixtures of some Lower Frasnian-like
amphiporids, and the same was found for Thamnophyllum
and Disphyllum corals.

The basal E-MF sea level rise is marked by the occur-
rence of brachiopods, trilobites, sponges, ostracods and
bryozoans. The layers containing these fossils are covered
by Parathurammina packstones/grainstones where the
amounts of shell-hash lenses and scattered crinoid ossicles
and other echinoderm material are increasing stratigraph-
ically upwards and interbedded limestone beds containing
small spherical brachiopods occur. Then, beginning from
peloidal–?pelletal limestones with gastropods, coarsen-
ing-upward branched-stromatoporoid accumulations devel-
oped, being interleaved by typical massive-stromatoporoid
boundstone banks with overgrowths of Disphyllum, Tham-
nopora and Scoliopora corals – at 3.5 m (Figs 3, 5 and 6).

At the 4 m mark, laminites and hardened surfaces oc-
cur. In addition, thin beds with extremely impoverished
faunal communities are particularly common at about one
third of the E-MF. At the 5 m mark, these beds contain only
larval stages of organisms. Higher in the section, horizons
with ostracod, mollusc and trilobite shells alternate with
the more uniform levels with calcispheres, Caligella
foraminifers or gastropods.

The level around the 7 m mark is remarkably separated
(Fig. 6) and consists of diversified stromatoporoids, with a
predominance of thick-branched stachyodids. The presence
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of mottled sediments, bioturbation structures, holes and fill-
ings marks the lower parts of the mid-E-MF strata at 8.5 m
of the section. These marks are indicative of lowstand set-
tings. In microscopic view, small clasts biodegraded to vari-
ous degrees are dominant, although peloids–?pellets and
green algae thalli occasionally prevail.

A sea level rise related to the upper half of the anoma-
lous interval was marked by the presence of extremely
well-preserved drowned (buried) amphiporid lawns in its
earliest stage, but all this was subsequently covered by di-
verse scatters and accumulations of stromatoporoid
branches and heads (at about 10.5 m). The stromatoporoid
scatters are interleaved by lithoclastic grainstones with
many traces from microbially affected materials. Here,
also microstromatactis structures were found. The highest
number of sponge borings, Entobia, in stromatoporoid
coenostea is typical just for the above-lying beds.

Beginning from a horizon with a scatter of caliche frag-
ments, diverse taxa of stromatoporoids and corals particu-
larly correspond to the local stratigraphic concept of
stratigraphically new, undoubtedly E-MF compositions –
stromatoporoids Atelodictyon, Stromatopora, Stromatopo-
rella, Tienodictyon, Syringostroma and corals Alaio-
phyllum, Tabulophyllum and Alveolites (?Alv. obtortus and
Alv. ex gr. ?complanatus), with poor representations of
actinostromids and conservative survivors; concurrently,
Cribrosphaeroides and other large foraminiferal tests are
abundant. The small uniserial foraminifers enter the sec-
tion at the upper E-MF boundary, 0.2 m below and 0.4 m
above the designated ?punctata–hassi correlative surface.

Svážná studna (Otava & Kahle 2003, Dvořák et al. 2005).
The 30 m thick E-MF section (between –41 and –11 m;
Fig. 6) exemplifies the reef margin facies with front-to-
back fluctuation and/or position shifted slightly back to the
flat or moat. The smoothly eroded and wet parts of cave
walls that look as if polished provide nice examples of the
stromatoporoid–coral faunulae.

In this cave section, we had to rely more on the infor-
mation given by section imaging than sampling and
thinsectioning, because the cave is protected by law and
sampling is restricted. A favourable condition is that these
faunulae have counterparts in several short E-MF sections
in neighbouring karst landscape (clints, rillen karren, and
historical limestone pits), from which the comparable
fauna was thinsectioned and catalogued among the stock
specimens.

A significant impoverishment of faunas including
Thamnophyllum and Alveolites suborbicularis was ob-
served at the E-MF base, and the Hexagonaria rugose cor-
als seem to disappear even before 5 m under the base. This
base is marked by the occurrence of brachiopods, crinoids,
and fragmented massive stromatoporoids. Gastropods and
pelletal accumulations mark an episodic shallowing at
–40 m (Fig. 6). A remarkable sequence of thick sediments

with stromatoporoids is markedly developed between the
–38 and –34 marks, where the initial prevalence of
stachyodids is replaced by diversified stromatoporoid fau-
nas with numerous fragmented large branches and heads,
Hermatostroma and Stromatopora being the most abun-
dant genera. Rare fragments of branched rugose corals are
comparable with Disphyllum, Temnophyllum, Alaiophyl-
lum, and ?Diffusolasma.

Higher in the section, the algal coated skeletal detritus
alternates with bioclastic grainstones and contrasting beds
with stachyodids where St. lagowiensis gradually predomi-
nates over St. paralleloporoides and St. ?costulata forms.
The fauna resembles the upper parts of the Polish Mac-
geea–Thamnophyllum coral zone with the Hexagonaria
aff. hexagona biohorizon at its bottom (Wrzolek 1992).
Fine bacterial lamination and fissured/bioeroded surfaces
occur below the sharp change to the anomalous beds in the
section. This overlying succession of beds consists, se-
quentially upward, of lenses containing lithoclastic/al-
gal-crust debris, fining upward scatters in beds and a transi-
tion from the amalgamated to well bedded material where
the variety of faunal and algal remains are indicative of a
wide cross-facies source from reef aprons, carbonate sand-
banks and rocky cays that include fresh bioclasts to repeat-
edly microbially altered and abraded grains and fine parti-
cles.

Locally stromatactis fabrics developed (–21.7 m;
Fig. 6). The stromatactis limestone lies directly on trun-
cated rocks. The surface of this limestone was again trun-
cated and covered by a scatter of debris (Hladil et al.
2006b). Crinoidal debris deposited in thin lenses or spray
was delivered by storm flooding from the outer areas, lo-
cally from the E. Above these anomalous beds, the upper
part of the E-MF consists of thin grainstone layers and al-
gal bindstones. These parts of the section are interleaved by
several biohorizons with Alv. obtortus and/or Alv.
complanatus tabulate corals, together with those which are
marked by broken, 2–2.5 cm in diameter, cylindrical
branches of phillipsastraeid rugose corals. These corals
have numerous thin septa and wide dissepimentarium at
the walls, and they can preliminarily be compared with
Sinodisphyllum, similar to Belgian late E-MF (Boulvain &
Coen-Aubert 2006).

Close above the end-E-MF hardground surfaces, many
stromatoporoids, corals and brachiopods reappeared, cri-
noid debris is present, and foraminiferal fauna became
more abundant and diversified, including uniserial calcare-
ous forms. The sponge borings, Entobia, marks two levels:
above the mid-punctata anomalous beds and close above
the punctata–hassi boundary. Entobia are, however, absent
at the E-MF base (Fig. 6).

Rock composition and fabrics. – These Moravian E-MF li-
mestones are very pure, the calculated mean contents of
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non-carbonate impurities for Mokrá and Ochoz are 84 and
53 g/kg, respectively, from large volume dm-m-scale sam-
ples. Less accurate data exist regarding Svážná studna,
40–50 g/kg (limited sampling; technically limited field
GRS in caves, effects of Rd, Ra). Lower values of impuri-
ties, 27, 13 and 9 g/kg, respectively, were inferred from
small volume cm-dm samples.

The basic reason why this difference is so large is that
the point samples have a selective character, getting a purer
part of the rocks out. On the other hand, the large volume
samples show the embedded impurity much more com-
pletely, encompassing all variously localized stylolites and
disseminated occurrences of thin discontinuous lamellae
and pocket fills. These impurity-rich objects have been
identified as relicts from exceptional dust deposition epi-
sodes in shallow subtidal/intertidal platform reef condi-
tions. Others corresponds to complex reworked reef rocks
with increased impurity concentrations of this origin. The
high-to-low-value ratio correspond, most likely, to the de-
gree of water agitation, being increased from sheltered
ramp, atoll lagoon to platform reef margin as 3, 4 and 5, re-
spectively. Therefore, the details of related depositional
systems must differ considerably for the sections from
Mokrá, Ochoz and Svážná studna.

The shallowest facies of the Mokrá E-MF section con-
tain stromatolites and beach-rocks, and the deepest ones
are marked by Amphipora packstones. Within this range a

number of types of foramol-like facies occur, typically
with the presence of micritized grains and algal or bacte-
rial mats. A relatively low content of large metazoan reef
builders is characteristic, and the stromatoporoid-coral
levels with 10–30 cm heads represent less than 5% of total
rock volume. The slightly inclined surface of this large
and shallow ramp was relatively smooth; erosional rem-
nants of dunes, bars, or channels are very rare. In general,
the facies with lithological signs of intertidal conditions
amount to about 35% of the total rock volume (Figs 3, 4
and 6).

The lagoonal sediments of the Ochoz section represent
a different depositional system. Here, rare occurrences of
caliche fragments and scatter of subaerially altered
bioclasts mark the shallowest sources and, indirectly, also
the shallowest settings on this reef. In the opposite system,
the blackish Amphipora–rugose coral packstones with tri-
lobite shells mark the deepening episodes. Between these
two extremes a number of foraminiferal sand, packstone,
and floatstone varieties occur. Predominance of amphi-
porid/stachyodid floatstones/boundstones (rarely also baf-
flestones) can be rated as very typical (Figs 3, 5 and 6). The
facies with undoubted intertidal signs are minor constitu-
ents in the E-MF range of beds, accounting for less than
15% of the total rock volume (Fig. 6).

At Svážná studna, the facies variation ranges from lam-
inar algal coatings and reef rubble bind by secondary
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�	�����,! Mokrá; selected thin sections. • A – incompletely preserved microstromatactis-like structures (mst) are characterized by relicts of early
geopetal sediment on the cavity floor and jagged roof, where some grains fell down. Grainstone consists of irregularly shaped bioclasts and rugged
biomorphs of several sizes. Detail: Grains are micritized to different degrees; spheres and Parathurammina-like test are common. • B – complicated, dis-
solved margin of a large bivalve specimen (bvl), possibly Megalodont. The most common allochems are foraminiferal, algal and larval biomorphs of vari-
ous shapes and sizes. Small grains and lumps are micritized. • C – densely packed structure of (micro)packstone/wackestone with recrystallized bedding
sutures, patches and canals. Some of them are filled by vadose silt. Detail: The parts which are better preserved contain numerous calcified sponge
spicules. • D – a hardground occurring under the carpets of broccoli-shaped stromatolites; the cementation usually prevails over the recrystallization. The
hardground is typically opened by 1.5 cm wide and several cm long cylindrical borings (bor; left). They were filled by several layers of shallow-water
calcisiltite and cements. Inside the hole, the recrystallized crusts alternate with graded microsequences (upper right). The obtuse end of the hole is rimmed
by large rhombohedra of former Fe-calcite and dolomite compositions (lower right). • E – extremely irregularly shaped branches of amphiporids show a
tendency to coating of the substrate or overgrowing of their own fragments. Redeposited fragments have corrosion-widened axial canals and hardened
micritic envelopes (upper right). Detail: First uniserial foraminifers occur in fine-grained rock matrix (upper left). • F – also fragments of strictly cylindri-
cal amphiporid stems bear relicts of micritized envelopes. The fine grainstone varieties consist of mixed populations of micritized and fresh bioclasts.
• G – coarsely fenestral clotted sediment with locally embedded fragments of calcretes/caliches (clc). Geopetal fills of fenestrae are fine-crystalline rather
than particulate. • H – densely spaced (micro)fenestral clotted laminae are binding thin laminae of partly dissolved grainstone. The structure is undulated
(wrinkled) and calcrete fragments (clc) are also present. • I – an example of (micro)fenestral clotted laminite with strictly planar lamination; vertical sec-
tion (left) and sub-horizontal section (right). • J – a small ?Hermatostroma coenosteum with overgrowth by alternating ?Clathrocoilona and microbially
clotted peels. Large bioerosion holes are probably ?Entobia (ent). The fills consist of small micritized grains and some (micro)fenestral clotted fabrics.
• K – effects of episodic emergence of banks are recorded by calcretes separated by leached holes (ccr; arrows) and caliche-like recrystallization ghosts
(left) or chalcedony-quartz (ch-Q; arrows) locally precipitated in amphiporids’ skeletons (right). • L – the packstones with abundant cryptalgal and micro-
bial components contain numerous amphiporids which show a tendency to overgrow or coat them mutually. The very fine-grained geopetal fills (gpf) de-
posited in their axial canals; see also the thin-section detail with an ideal section across a stem of Amph. moravica (upper right). • M – densely structured
?Idiostroma-like stromatoporoids display at least three anomalies: The bedding-parallel arrangement, wide astrorhizal systems at each 5 mm layer, and
sponge borings, ?Entobia (ent) completely filled by sediment. The astrorhizal systems contain winnowed fine-grained sediment adhering on the bottom
of canals but not forming horizontal surfaces (like geopetal fills). • N – some layers of sediment were basically fabricated by “felt” of interlaced thalli (tu-
bular, with many transversal septa) of “Moravamminidae”, Palaeoberesella-like algae (sub-horizontal section). This “felt” trapped and clotted fine sedi-
mentary particles. • O – the packstones with calcispheres, often associated with occurrences of large gastropods; shells were completely dissolved but
some were covered by micrite envelopes which are preserved. The relevant depth marks in the Mokrá measured section are as follows. A and B 46.0, C
and D 48.5, E and F 49.0, G and H 50.5, I 53.0, J and K 53.8, L 55.5, M 56.0, N and O 57.0 m.
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framework builders to rubble, sands and even stroma-
tactis-bearing sediments. In this range, a number of other
facies are indicative of environments between moats, reef
flat, and reef front. Predominance of stachyodids is a prin-
cipal feature of this exposed platform reef margin. Al-
though these differences between the semi-sheltered flat
ramp, lagoon and reef margin do not have a negligible role
in the formation of specific reef facies mosaics and ar-
rangement of different microfacies; Figs 3, 4 and 5), the
overall lithological rhythms, thicknesses and architecture
of the beds are quite similar (Fig. 6).

Eustasy. – The combination of microfacies signals with archi-
tectural signs allows us to make estimates of sea level fluctua-
tions (Fig. 6). After vigorous shallowing and flooding at the
E-MF base, three to four cycles can be traced in the lower half
of the E-MF. These cycles can be traced mainly according to
shallowing upward trends in the sediments, a fact which is
quite unusual for platform reef environments in this area.

It may tentatively be concluded that carbonate produc-
tion was not very high (Boulvain & Wood 2007, Racki et
al. 2008), particularly if this production is compared with
rapidly expanding flooded surfaces which were controlled
by these carbonate production and deposition environ-
ments. In this context, wastage in recycling environments
also has great potential (Adey 1978, Eakin 1996, Perry et
al. 2008) and was possibly employed in E-MF conditions
of ocean water dysoxy.

Related to the four cycles in the lower half of the E-MF
interval, the succession has several specific features. With
the terminal stage of the first cycle, a thick series of
shallowing and coarsening upward stromatoporoids-bear-

ing banks were deposited. Relatively faster and stronger
oscillation seems to precede the major shallowing shift,
when secondary high-frequency oscillations were remark-
ably attenuated. This period was followed by an excep-
tional flooding which was recorded in these three sections
just after the mid-level of the E-MF.

Typically, a series of thick event-deposited beds with
trends towards fining and thinning upwards developed
(Fig. 6). Then, the falling of sea level became slower, and
irregularities in the storm generated sedimentary record
slightly blur at least two cycles above the mid-punctata
level. The next partial flooding episode came before the
end of the E-MF, whereas the shallowest markers occur
above the punctata–hassi boundary level.

Eustatic interpretation of other remarkable facies mark-
ers in the E-MF (stromatactis, Entobia): The occurrences
of stromatactis sediments in the Svážná studna (and
microstromatactis at Ochoz) coincide with a steep gradient
between anomalous sea level fall and rise, A and B, after
the mid-punctata stratigraphic level. Thus, the E-MF
re-emergence of stromatactis-bearing sediments seems to
be eustatically controlled.

The same seems to be true of sponge borings, Entobia, in
stromatoporoid and coral heads (Mikuláš 1994, Tapanila
2006), but not in the limestone (Fig. 6). These occur particu-
larly with (or after) the major destruction on the surface of
platform reefs, with (or after) the major shifts in sea level set-
ting (Fischbuch 1968, Hladil 1988); for the E-MF it is particu-
larly with the mid-punctata and punctata–hassi levels.

The overall assessment of an approximate eustatic
sea-level curve for the E-MF in the Moravian Karst sug-
gests that there exists a visible difference between the

11

�	�����1! Ochoz; selected thin sections. • A – large irregular coenostea of Atelodictyon moravicum are scattered as “coral heads” in banks with
amphiporids, disphyllid rugose corals and thamnoporid tabulate corals. Unbroken coenostea of this species lack commensalists as well as borers and are
filled exclusively by sparite. • B – the surface of thick and branched Stachyodes paralleloporoides was often colonized by rugose corals and various
epibionts. Micritic sediment contains numerous juvenile stages of amphiporids. • C – half-millimetre-sized peloids or ?pellets (pel) are rich in
calcispheres and micritic clots. They occur together with well preserved (not abraded) amphiporids and gastropods (gad). Detail: also contained are many
disc-shaped ?foraminiferal tests. They somewhat resemble ?Cribrosphaeroides but have small labyrinthoid pores above a thin dark layer on inner side of
the test (upper left). • D – lumpy sedimentary fabric; calcispheres and large foraminifers (Cribrosphaeroides, Irregularina). • E – accumulations of
calcispheres in dismicrite. Micritized subangular particles of fine silt size are also present. • F – storm-deposited bed in deep inner part of atoll lagoon:
Floatstone/packstone (according to scale) with highly heterogeneous (mixed) morphologies of amphiporid stems. • G – a redeposited fragment of a
branched phillipsastraeid rugose coral lies in packstone where mollusc fragments are more abundant than those of corals, stromatoporoids and
amphiporids. Tiny ostracods shells are admixtured with other submillimetre-sized clasts. • H – abraded stems of amphiporids in packstone matrix. Small
bioclasts in this matrix are almost exclusively tubular thalli of Issinella-“Moravamminidae” green algae. • I – a stromatoporoid stack based by
Actinostroma crassepillatum with an overgrown attached rugose coral. • J – an extremely good preservation of amphiporids with complete outer walls is
typical for peloidal (?pelletal) sediments. The skeletal grains in patches of poorly-washed grainstone/packstone, with abundant calcispheres and
Parathurammina foraminifers, are strongly micritized. • K – a layer consisting of mechanically sorted, recrystallized and redeposited mixture of green al-
gal thalli and (micro)detritus from amphiporid skeletons. Micrite was dissolved at a number of solution sutures where opaque residues were concentrated.
• L – foraminiferal grainstone/packstone with dismicrite patches. Thick-skeleton amphiporids are abraded and their margins are micritized; thin-skeleton
and widely opened amphiporids are also abraded but have no micritized rims. • M – foraminiferal grainstone with marker components of Caligella
foraminifers (lower right). • N – a resedimented grainstone lamina, with skeletal and rock fragments altered to various degrees, covers a hardened,
fine-recrystallized surface. • O – amphiporids (amp) with “archetype” morphological traits (such as Amph. pervesiculata, or Amph. pinguis) occur to-
gether with Stachyodes costulata (sta; in a separate window, on the right). Increased abundance of brachiopods (bra) and ostracods (ost) are an
epiphenomenon to local emergence of the above mentioned fauna. The relevant depth marks in the measured Ochoz section are as follows: A and B 16.0,
C to E 15.0, F and G 13.8; H 13.5, I 10.0, J 9.0, K 8.0, L 6.0, M 5.0, N 4.0 and O 2.3 m.
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structures/patterns at the base or end of the E-MF and those
which occur at (or close after) the mid-punctata level. The
normal development of quasi-cyclical patterns with a hy-
pothetical frequency of 1 Ma (for the whole E-MF) and
100 ka (between), both ±30% (Hladil 2002), seems to be
disturbed in the middle of the E-MF. Hence, the
lithological and biological evidence suggest that the
mid-punctata level has an anomalous structure.

Stromatactis. – The occurrence of stromatactis and stroma-
tactum sedimentary fabrics are environmentally very sen-
sitive (Hladil et al. 2007) and deserves special attention.
The stromatactis sedimentary facies are not very typical for
the reef environments and they form rather thick lobes and
waves (mounds) in deeper environments which have sig-
moidal beds and all the signs of repeated rapid sedimenta-
tion (Hladil et al. 2008a). In addition, these sedimentary
forms are mostly related to time spans with reduced shal-
low water reef development, ramp morphology and bacte-
rial–sponge invasions on the shelf, and eustatically they
signify transgressive system tracts (TST) with recovery
from a significant lowstand or catastrophic damage and
reshaping of the reef systems.

A conspicuous re-emergence of stromatactis was docu-
mented mainly in Belgian E-MF (Boulvain 2001, 2007),
where the cm–dm sized stromatactis were correlated with
the lower third of the punctata conodont zone, in the lower
part of the Arche mound member. The initiation by the
E-MF sea level rise was inferred from sequential architec-
ture of the formations. After a short period of demise,
stromatactis occurred again in the newly defined La
Boveire Member (Boulvain & Coen-Aubert 2006). Al-
though it is in the late part of E-MF (punctata), which is
generally marked by a trend to shallowing and increased
dust and overall detrital input (Hladil et al. 2006a, Racki et
al. 2008) these second levels correspond to some partial
TST–HST. Therefore, the thicknesses are smaller. Other
stromatactis occur above the base of hassi Z. (in Lion Mb.).

In proportions of thicknesses and time, a question arises
whether this significant dividing line at the base of La
Boverie lies very high within the upper part of the punctata
Z., as indicated by smaller thickness of these mounds, or
could tentatively be aligned with the levels just above the
mid-punctata disturbances, in consideration of certain
stratigraphic condensation of these upper parts. However,
the Macgeea–Sinodisphyllum fauna that mark both the
Belgian La Boverie Mb. and Moravian Karst post-anomaly
beds at Svážná studna suggest that the second of these two
possibilities cannot be ruled out.

If a very simplified structure of Belgian stromatactis
occurrences is used, we can deduce a three-level image
with stromatactis above the basal, ?middle or upper and
topmost levels of the E-MF interval. Contrary to Belgian
settings, the E-MF beds of the Moravian Karst were always

considered to be something special and were traditionally
understood to be stromatactis free facies assemblage. In
fact, they are not completely absent, but they are mini-
mized, due to absence of typical large scale or wide ramp
environments. This change of knowledge regarding
Moravian stromatactis was caused by recognition of the lo-
calization of cm-sized stromatactis in limestone lenses
along the damaged reef margins of mid-E-MF times
(J. Otava, Svážná studna; Hladil et al. 2006b; Fig. 6).

Sporadic occurrences of small stromatactis-bearing
lenses were also found through thin sectioning in Ochoz la-
goonal limestones, with the mid-punctata anomaly and
also punctata–hassi boundary level. In comparison with
Belgium, there remains only the lack of stromatactis just
above the E-MF base.

To conclude, these scarcely visible stromatactis links
between different carbonate depositional systems in
Moravia and Belgium (Hladil 2002, Boulvain 2007; Fig. 2)
can lead to new hypotheses regarding inter-regional con-
trols of the environment. It is remarkable, that the lime-
stones with stromatactis are always very pure, with the
lowest contents of non-carbonates. Therefore, the charac-
teristic stromatactis-forming material (Hladil et al. 2006b,
2007, 2008a), which was hydrodynamically separated and
finally dumped from the medium dense collapsing mix-
tures on its downslope trajectory, had to be originally col-
lected in very pure parts of submerged highs and on the up-
per slope.

Definitely, the washing off and/or a bypass zone for im-
purity must be employed, because otherwise it would be
very problematic to eliminate the mineral dust input com-
pounds in the rare relatively shallow locations and particu-
larly the riverine fine-detrital input in the zone below the
storm wave base, where the limestones with stromatactis
fabrics are most commonly located. And finally, the hy-
pothesis can be tested in parallel to conclusions by Hladil et
al. (2008a) that a significant part of stromatactis forma-
tions develop in relationship to TST conditions which were
preceded by high-amplitude eustatic variations during
long-term lowering of the sea level. In spite of the overall
greenhouse effect and high sea level conditions in the
Givetian–Frasnian (e.g., Copper 2002), such a relative
lowering in the Late Givetian and ?Early Frasnian seems to
be inferrable from the most recent datasets (evaporite
pseudomorphs in Fromelennes, reduced overall carbonate
production, etc., Boulvain et al. 2008b).

Magnetic susceptibility. – The stratigraphic variation in
MS values was studied in Mokrá and Ochoz sections using
the powerful method of grid data (mesh sampling). The
data from several previous research campaigns (Hladil
2002, 2007; Geršl & Hladil 2004; Hladil et al. 2006a;
Boulvain & da Silva 2006; Nawrocki et al. 2008) were
compared with this new data (Fig. 7). The relationships
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between MS values with mineralogical characteristics and
K, Th and U related ratios are indicative of prevalent
paramagnetic-type carriers of magnetism, and these con-

clusions were also directly confirmed by means of mag-
netomineralogically-orientated magnetic measurements
(Hladil 2002, Hladil et al. 2006a).

2!

�	�����2! Facies and interpreted sea level fluctuations: illustrated on the background of simplified stratigraphic columns of the Mokrá, Ochoz and
Svážná studna (Moravian Karst) sections. Upper part of the figure: all available paleoenvironmental indications from slabs and thin sections were ex-
pressed by relative positions of points (+) along the depth axis, from intertidal to fair weather wave base (FWWB) and storm wave base (SWB). Further to
right, the obtained variations were combined for these sections, and the relevant trends were suggested (lines). Note that the mid-punctata interval dis-
plays an anomalous MS to system track (ST) relationship. Lower part of the figure: in spite of different faunal and lithological expression (= environmen-
tal mosaic), the time correlation scheme of main features is meaningful and can serve as a loop check (lower left). The third Svážná studna section was
studied only by means of non-destructive in-situ methods (cave; nature protection).
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The completed datasets on E-MF rocks suggest that the
Th/K values point to unusually strong relative growth of Th
concentrations in these carriers with remarkable MS and
chemically detected positive shifts in impurity contents at
the mid-E-MF (mid-punctata) and uppermost E-MF
(punctata–hassi) levels. Although this fact can be consid-
ered in a normal interpretative approach for the latter case,
a eustatic low stand of the ocean and higher proportion of
delivered coarse mineral dust suggest that the interpreta-
tion of the former case is more problematic. This is owing
to the fact that the mid-punctata level has a slight flux of
impurities in general, and, in addition, the identified carri-
ers of these magnetic and chemical properties defy the nor-
mal eolian dust compositions.

The main MS characteristics of the E-MF interval are:
smoothest MS trend line for the E-MF interval is a
left-bow-shaped curve where the highest MS values are
approximately at the lower and upper points. This bow or
cycle pattern was inferred also in previous and concurrent
studies (Hladil 2002, Nawrocki et al. 2008). Furthermore,
the robust vertical and horizontal averaging of data
(Fig. 7, upper right) revisited and revealed the highest am-
plitudes just at the mid-E-MF levels (Fig. 7). The remark-
ably developed depression-and-elevation around this
level is marked in logs by letters A and B. This A–B pat-
tern (corresponding to pattern 1, Geršl & Hladil 2004) is
specific in its inverse relationship to a eustatic sea level
curve. And equally anomalous is the relationship of this
A–B pattern to stratigraphic MS variations below and
above (Fig. 7).

Whilst the MS curve in the lower and upper parts of
the E-MF interval has a quite normal appearance for the
records of rhythmically fluctuating dust delivery, its mid-
dle part is undoubtedly an anomalous record. The anoma-
lous mid-E-MF pattern has wide inter-regional implica-
tion if compared with medium distant basins in Belgium
and Poland (Boulvain & da Silva 2006, Nawrocki et al.
2008, and relevant datasets shared by the authors). Its
shape identifies an event (or crisis) pattern – resembling
the MS structures which were repeatedly documented
even with the major Devonian crises (Choteč, Kačák, Up-
per Kellwasser; Hladil et al. 2008b). The latter particu-
larly relates to MS to eustasy relationships which are op-
posite to the normal regimes of dust trapping in pure

limestone on platform reefs where the crisis state is low
MS with lowstand and high MS with highstand (Hladil et
al., op. cit.).

To conclude, the high-resolution MS stratigraphic cor-
relation in limestones provided proxies for evolution of the
E-MF dust input and was confirmed to have efficiency in
assessment of normality or abnormality of supra-basin en-
vironmental settings in stratigraphic detail. This second
procedural step that was carried out after the bio-litho anal-
yses has drawn our attention, even more particularly, to an-
swering the questions about the mid-E-MF anomaly.

Gamma-ray spectrometry. – The overall natural gamma-
ray (NGR) stratigraphical variations in the E-MF in Mokrá
and Ochoz sections are comparable to the pattern segments
E/D and D which were extracted from the HV-105 Křtiny
borehole (Geršl & Hladil 2004, fig. 3 of the cited paper).

Beside the elevated NGR values at the base and top
of the E-MF, two other maxima exist in this interval. The
first occurs in the middle of the lower part of the E-MF
and corresponds to a series of thin beds which cover the un-
derlying first massive boundstones in the sections; its ex-
planation remains problematic. The second elevation cor-
responds to thin beds below the mid-punctata flooding
surface with overlap to above-lying, abruptly deposited
beds; it is at the elevation that corresponds to the anomaly
defined by bio-litho and MS logs.

The GRS curves for Th, K and U concentrations in
measured sections illustrate that Th is most relevant to the
shape and position of this anomaly. Elevations in K con-
tribute irregularly to the curve and U concentrations are
typically increased in the upper part of the anomalous inter-
val (Fig. 8). Overall increase and decrease in NGR (γ-tot)
and GRS values correspond with the changes on the MS
curve (Fig. 8).

In spite of considerable variations in the resulting image,
the observation of almost jointly elevated Th, K and U, and
particularly Th-marked values, suggest two practical possi-
bilities: Firstly, this can be indicative of scatter of μm-sized
grains, rather than nm-sized altered, clay, oxidic and mud
impurities, or secondly, this can be caused by deposition of
upper crustal rock particles, as K, U and Th are markedly
concentrated in granite-and-sandstone rocks compared to a
basalt rock suite. However, such a possibly coarse particu-

23

�	�����3! Typical plots exemplifying the variability and stability of E-MF magnetic-susceptibility stratigraphy patterns. Previous works in the
Moravian Karst (upper left), from left to right: Slightly moving averages and moderate spline (related to basic data on regularly spaced points); data plot
based on parallel and horizontal sample rows (= grids), averaged to 0.5 m spaced points); one example of moving normalization plots (irregularly
grid-strengthened, 0.1 m). The curves in upper right are the most robust recent visualizations of the completed MS data in grids, averaged to 0.3 m points.
All these data and methods of processing allow separation of the anomalous, mid-punctata-zone pattern A–B. Similar patterns can be traced in data sets
from other European areas as concurrently developed by other researchers and sent for comparative purposes. In spite of complications from uncertainties
with fluctuating sedimentary rare, an attempt to construct a hypothetical mean pattern is shown (lower right). The A–B pattern is codefined by its actually
inverse position when MS is compared with ST (see Fig. 6).
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late scatter is contrasting to an absolute minimum overall
eolian flux, as well as distal delivery conditions for any
terrigenous detrital grains from the riverine environments
or local highs (Hladil et al. 2006a). Relatively increased
amounts of all these three components were found higher,
near the punctata–hassi boundary, but certainly not more
towards the inner parts of the E-MF interval. In summariz-
ing these interim results we can conclude that the GRS
studies suggested that the mid-E-MF impurity material
contains material of suspect origin.

Instrumental neutron activation analysis. – With the mea-
surements by means of INAA, the following elements were
analyzed: Ca; K, Fe, Na, Ba, Sr; REE from La to Lu, and a
selection of trace elements Zr, Co, Cr, Hf, Rb, Cs, Sc, Ta,
Th, U, As, Ni, Sb, Zn, Ga, Br, W, Hg. Our study presents
two relatively new approaches to processing and visualiza-
tion of the geochemical element concentrations which are
related to complex impurity in limestone: Firstly, abundan-
ces of 35 major, trace and ultra-trace elements were norma-
lized to their averages in the E-MF. This recalculation re-
vealed a considerably homogeneous (correlative) band if
these values are plotted. Some specifics were found only
for behaviour of U, Sb, As, for example (Fig. 8). In most
general terms, these concentrations show a significant in-
crease aligned to NGR high in the middle of the lower part
of the E-MF. This is interpreted as the impurity being dis-
tributed homogeneously in the rocks and not separated into
pockets or sutures detectable only by GRS.

On the other hand, the mid-punctata anomalous inter-
val, characterized by strong responses in MS and GRS,
starts with the lowest possible concentration values and
these values increased very slowly over a long interval of
time. It must be emphasized that there is an almost absolute
negative correlation between these concentrations made on
small samples and large-volume GRS. A similar, although
not quite identical trend can be inferred from comparison
of standard-row with grid-extended, robust MS data
(Fig. 7, upper left to upper right).

The reason for this discrepancy in concentrations de-
rived from small samples and large volume samples was
revealed by careful examination of rock structures in situ.
It is caused specific distribution of impurities in limestone;
it means that the impurities in this anomalous interval are
preferentially concentrated in small lenses, pockets and so-
lution sutures. This conclusion was also confirmed by
means of X-ray mapping and radiography (Hladil et al.
2006a).

In the second approach, we used potassium as a marker
for the most generally distributed natural impurities, both
generally (Hladil et al. 2008c) and on the Givet-
ian–Frasnian platform reefs (Hladil et al. 2006a). There-
fore, the relative compositional behaviour can be shown
using the normalization to K (i.e. after the recalculation,

the K concentration will be 1, from first to last). In this way,
we can more easily distinguish between material with addi-
tion of anomalous compounds and quasi-normal back-
ground compositions related to the complex impurity in
limestone. In spite of the observed fact that the higher con-
tents of impurities may often correspond to a relative sur-
plus of all other elements compared to K, the suspect
(anomalous) mid-E-MF stratigraphic level shows signifi-
cant differences (Fig. 8). In proportion to K, there is an ex-
treme and structured over-abundance of Fe, trace and rare
elements.

The diverseness above the mid-lower part of the E-MF
introduces yet another unsolved problem. The latter is par-
ticularly due to the fact that enhanced Sb-As-W concentra-
tions occur, but a relative surplus of these, plus other trace
elements, were found only in the Ochoz lagoon (Fig. 8;
lower right, ~4.7 m). It is at the levels where the initial
strong E-MF flooding phases still took effect and absolute
concentrations of impurity were smaller than average and
further decreased. Combination of Brunnia sources and ef-
fects of dysoxic water might have to be considered. Also
the U (and U–Ba) excursions at mid-lower and mid-upper
parts of the sections have been sufficiently separated using
the latter method.

Iridium. – Elevated concentrations of Ir up to 1.5 μg/kg,
which is 10–100 times higher in comparison with the bac-
kground limestone, are disseminated in these sections. In
no instance were these anomalies observed to strictly ad-
here to defined thin horizons; however using the coarser
(dm–m) scale, the concentrations of increased values seem
to mark mainly the mid-E-MF (mid-punctata) anomaly
and one other interval above the punctata–hassi boundary
(Fig. 8). The consistent and solid geochemical evidence of
these elevated values relates to mid-E-MF in Mokrá, and
punctata–hassi in Ochoz.

The stratigraphically spotty and repeated occurrences
of slightly increased Ir concentrations in 2–3 intervals
around the mid-E-MF level suggest two essentially oppos-
ing hypotheses: Firstly, this can be a record of several sus-
pect events in a row, and secondly, it can be caused by infil-
tration and resedimentation of Ir-rich impurity material.
Geochemically, these slightly elevated values are coupled
with slightly elevated values for Cr in both outcrops (to
3–7 mg/kg), but no significant correlation was found for
example with Ni. The assessment of these small anomalies
is further complicated by the complex structure of μm-nm
non-carbonate impurity objects, as well as the overall pre-
dominance of normal dust-related impurities.

It is therefore very complicated to interpret and under-
stand the situation. At the present stage of investigation, the
elimination of factors concerns only three conditions:
(1) no Ir-rich grains in the size category equal to or exceed-
ing 63 μm, (2) no visible correlation between Ir content and
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amount of total organic carbon, which are slightly varying,
low TOC contents, about 0.1 and 0.2 wt.% for Mokrá and
Ochoz, respectively, and finally, (3) bacterial/algal mats
and stromatolites (Mokrá) were not the principal collectors
of platinoids.

Carbon and oxygen isotopes. – In comparison with the ro-
bust δ13Ccarb positive anomaly which was interpreted for al-
most the entire E-MF interval (Yans et al. 2007, Racki et
al. 2008), the shallow water areas on platform reefs of the
Moravian Karst area reflected continuous shifts to a lesser

2 

�	�����4! Integrated features of changing chemical element concentrations in the Mokrá and Ochoz sections. The results of normalization to both the lo-
cal E-MF averages and potassium contents are plotted on the background of lithological, faunal, MS and GRS parameters. The mid-punctata anomaly is
characterized by low concentrations found in small samples (INAA) but high ones in large volume material (GRS); it is indicative of the presence of spots
and sutures with re-concentrated impurity components; high concentrations of Fe and trace metals compared to K are indicative of exotic silt components.
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degree. The main information concerning very high
δ13Ccarb positive shifts relates mainly to fore-reef facies, not
to the area-extensive platform (Hladíková et al. 1997, stra-
tigraphically revised and completed by Geršl & Hladil
2004). The study from 1997 unveiled a strong δ13C isotope
excursion to +5.5‰ VPDB, in dark-grey to blackish calci-
turbidites drilled from the HV-105 Křtiny well, depths
252–276 m. The mean values for δ13C and δ18O surround-
ing this anomaly in E-MF near Křtiny are +2.0‰ and
–4.5‰, respectively.

The isotope records for the Mokrá and Ochoz sections
differ from Křtiny. Mean values for Mokrá E-MF are δ13C
+0.1‰ and δ18O –5.7‰. There is no increase in δ13C val-
ues from the lower to upper part of the E-MF, only the
mid-E-MF has a slight elevation to +0.2‰. Practically the
same can be said of quite steadily fluctuating values in the
Ochoz E-MF, where the most common values for δ13C and
δ18O vary at +1.8‰ and δ18O –6.2‰, respectively.

However, there is one distinctive disturbance in the
latter section which relates to a major drop in the middle
of the lower part of the E-MF in thin beds above the
lower stromatoporoid beds; levels are comparable to
INAA–MS–GRS peaks (Fig. 8). In this place the values
drop by as much as to δ13C –2.0‰ and δ18O –8.1‰. The
calculated correlation values between parallel variations in
δ13C and δ18O at Mokrá and Ochoz are slightly positive,
0.15 and 0.31, respectively.

The negative and positive shifts in C and O stable isotopes
are often (not always) coupled unidirectionally, i.e. higher
values in C are accompanied by higher values in O. This cou-
pling is obviously different from that which was found for the
fine isotope stratigraphic sequences in the Moravian Karst in

general – i.e. each rise or fall on the δ13C curve is accompa-
nied by an opposite change on the δ18O curve (mush-
room-shaped fine-sequence pattern – Hladil & Hladíková
2000). One of the main findings of this isotope data review is
therefore concerning the absence of any significant C-and-O
isotope signatures for the shallow-water record of the refined
mid-E-MF (mid-punctata) stratigraphic level.

Rare exotic particles. – The extraction of particulate impuri-
ties was the critical step of the mid-punctata anomaly verifi-
cation. Fifty-kilogram samples from Mokrá and Ochoz sec-
tions were used for these purposes (see Methodology and
datasets). From the results of these procedures, it was found
that the extractable non-carbonate particulate lithic (alloch-
thonous) fraction corresponds to 2–3 g/kg. Estimates of loss
are about 50–60 wt.%, and this loss corresponds to weakly
separable nm-μm-sized impurity aggregates, e.g., when
fine-crystalline quartz or recrystallized phyllosilicates make
the complex-impurity-to-particle boundaries fuzzy. It me-
ans that the amount of these relatively coarse particulates is
slightly less than 1/10 of all embedded impurities.

The allochthonous non-carbonate particles often corre-
spond to altered lithoclastic/crystalloclastic upper crustal
rocks, with a dominance of quartz, feldspars, and phyl-
losilicates, with a fine scatter of Fe-oxides in aggregates
and lattices, so that they do not provide very specific infor-
mation about the provenance in this size fraction. How-
ever, the overall characteristics of these materials do not
contradict the possible hypothesis that this material was de-
livered from and across the Laurussia, with a proportion of
globally dispersed dust (cf. data by Hladil & Bek 1999,
Janoušek et al. 2000, Hladil et al. 2006a).
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�	�����5! Examples of larger specimens from assemblage of rare exotic mineral particles/grains; object sizes ~20–100 μm. Material separated from
mid-punctata anomalous interval. A–I Mokrá, J–O Ochoz. • A – an example of a small spherule having a silicate nucleus, large pyrrhotite and hematite
crystals close to or on the surface, and a devitrified-glass coating of approximately diopside composition, locally with adhering droplets. • B – other sili-
cate/Fe-oxide spherule which is as a whole much more covered by devitrified glass (Si-Fe-Mg-Ca-Ti). The secondary minerals, bladed crystals and crys-
talline/ subcrystalline mixtures high in Ba and Fe crop out under the exfoliated surface. • C – a magnetite/hematite spherule with a pendant of CAT type
mixture (= Ca-Al-Ti). Such mixture would be derived from melting of An-plagioclases high in Ti. Mineral of phlogopite composition and appearance,
high in Ba and Ti, is also present (left). • D – silicate substance of ± CAT composition was surrounded by ilmenite and pyrrhotite crystals, and finally by
crystal plates of hematite. Arrangement of this hematite armour may indicate former ablation of molten surface. • E – surface of another magnetite
spherule shows only small magnetite crystals (1–2 μm) interlaced with nm–μm-sized diopsides. Rare diopside-like fragments locally remain adhering to
the surface after chemical and ultrasonic treatment. • F – a different spherule shows predominant pyrrhotite crystals, while still significant amounts of sili-
cate and oxidic mixtures are between crystals, locally forming also inclusions. • G – a contact of small pyroxene grain with a Fe-rich lamella structure
(meshwork arranged crystals; ± maghemite in present state, formerly ?iron and ?magnetite). • H – devitrified fragment of a foam glass granule;
pyroxene-like compositions of Si-Fe-Mg type, rich in Ti. • I – surface of onion-peel object, partly exfoliated. Some layers are sulphidic/oxidic
(pyrrhotite/hematite predominate), other correspond to devitrified glass of pyroxene-like compositions, locally high in Ti, Ca. The uppermost layer con-
sists of Fe-Mg glass and shows an apparent striation typical for melt globules after cooling in vapor (right). • J – a complex ferric/ferrous spherule with re-
duced content of sulfur (pyrrhotite, magnetite, hematite), low content of devitrified CAT-type glass. Note the small drops adhering to surface (upper left),
and scars left by them (right, and down). • K – fragment of pyroxene possesses laminae of phlogopite-like compositions and inclusions of barite. A piece
of large spherule (upper left) most likely consists of delicately interlaced hematite and Si-Fe-Ca-type devitrified glass. • L – etched shard of devitrified/al-
tered glass contains flakes of phlogopite and ilmenite compositions and appearances; structures relate to flow/plastic deformation in glass, preceding the
decrepitation of objects. • M – olivine grain with rounded, molten/ablated surface; the detail shows striation. • N – another fragment of an exotic grain ex-
emplifies a crystalline structure which consists of ± diopside and hematite. Partly preserved surface (lower left) was also ablated. • O – slightly weathered
olivine shows relicts of ablated surface (above), a conchoidal fracture (front), but also weathered mixture resembling chemically CAT-type glass precur-
sors. Iron-rich parts (lower right) may contain relicts from pattern arrangements due to rapid cooling.
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However, the magnetic, medium-heavy to heavy frac-
tions provided a collection of really exotic grains. The mean
extractable concentrations of these rare particles correspond
approximately to 20–70 mg/kg (with estimated material loss
not exceeding the level of 40%). It is, very approximately,
1/100 of all allochthonous relatively coarse particles and
1/1000 of all non-carbonate impurities. The uncertainty in
these proportions exists, of course, because there is a primar-
ily biasing effect of irregularity on lenses, pockets, sutures
and other spots where these materials were concentrated
and/or reconcentrated in natural conditions, before sedimen-
tation of the overlying late E-MF beds. The assemblage of
separated exotic heavy grains (Fig. 9) contains iron-rich and
silicate microspherules and drops, commonly with magne-
tite, hematite and pyrrhotite, having structures such as onion
peels and striae on the surface. These grains are accompa-
nied by devitrified glasses of An-rich plagioclase, diopside,
and more complex compositions where the microscopical
objects have fluid-plastic, wrinkled, and foam relict struc-
tures and are considerably rich in Ti and Ba.

Fragments of well crystallized minerals or rocks are rela-
tively less common but still important components. These
correspond to olivines with ablation and striae on the surface
of grains, plagioclases dotted with symplectic exsolutions,
and pyroxenes with lamellae that contain iron-rich lamellae
with rattan- or meteorite-iron-like arrangements of iron-ox-
ide pseudomorphs after imperfectly identified original min-
eral phases. Phlogopites, and Ti-, Ba-, and Fe-enriched sec-
ondary minerals and their crystalline/subcrystalline
mixtures form either separate lumps and pellets or coatings
on 5–150 μm silt grains, average 55-μm (Fig. 9). This partic-
ular assemblage of grains may correspond to material
upwells from the Earth’s interior which was vigorously torn
from the Earth surface, or, very speculatively, to oliv-
ine-phyric to basaltic and Ni-, Cr-depleted siderolite materi-
als of possibly, although a little suspect, meteoritic origin.

These rare grain assemblages are roughly comparable
between the Mokrá and Ochoz sections, although the latter
provided slightly greater amounts of olivines and devitrified
glasses. Recrystallized glassy materials contain fluid-plastic
and visco-plastic structures. A number of these grains were
considerably damaged by weathering and recrystallization,
both during the processes of embedding and burial/exhuma-
tion diagenesis (Hladil 2001, Franců et al. 2002). However,
there remained some grains with sufficiently preserved
structures; these had to be surrounded by stable-composition
blocky calcite crystal lattice of early diagenetic stage but
having high resistance to fluids and recrystallization.

#	
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Stratigraphic uncertainty persists. – To some degree, the
application of local coral-stromatoporoid biostratigraphy

must certainly be biased by the biofacies mosaics. In this
context, two major aspects are worth mentioning: Firstly,
the shallow ramp facies of Mokrá E-MF were exposed to
immigration of young faunal elements, as can be exempli-
fied by insertions of eastern species Amphipora tschusso-
vensis or Scoliopora denticulata vassinoensis. It was com-
bined with a considerable impoverishment of classical Old
World Realm alveolitids. The fauna of the south Moravian
Karst Horákov and Mokrá tectono-facies units was most li-
kely influenced by the SE-European immigrants. The lar-
val stages of calcareous skeleton-forming benthic orga-
nisms spread along the coasts or from island to island
(Kalvoda 2001). It was considered as relevant to observed
faunal change between the hassi and rhenana zones, but it
started much earlier in the punctata zone. And secondly,
the long-living and stable structures of the E-MF atoll-like
structures (Ochoz) can serve as an example of an opposite
reaction where the local communities were more resistant
to immigrants’ colonization: a limited number of them
were successfully involved, but numerous conservative
species and/or lineages survived.

It can be exemplified by the presence of corals similar
to Disphyllum wirbelauense which are rooted deeply in
Givetian–Frasnian communities. Another example of this
type relates to Amphipora pervesiculata which repeatedly
make insertions in lawns of much younger Amph. mo-
ravica. An exclusively biostratigraphic correlation, based
on selected markers, works satisfactorily, with about
100-ka-related resolution, but area-related colonization
mosaics have been a continuous source of problems
(cf. Čejchan & Hladil 1996 for the Devonian, or Budd &
Johnson 1999 for Pliocene–Pleistocene times).

Major climate-driven crises and bolide catastrophes: rela-
ted or totally unrelated? – The interpretation of the
mid-punctata record is also not free of problems. The in-
verse relationship between MS values and sedimentary
system tracts can hardly be disproved due to strength of
evidence in paleontological, microfacies and sedimentolo-
gical data. However, the presence of such a pattern resem-
bles a situation which often characterizes the major Devo-
nian environmental events but not so frequently the events
of secondary magnitude. With respect to opposite-to-
normal relationships between sea level fluctuation and MS,
mainly the Choteč, Kačák and Upper Kellwasser are exam-
ples of such a phenomenon where shallowing with a
long-term reduction of eolian and riverine fluxes precedes
strong flooding and delivery of detrital products.

The complete explanation of this structure of major
events was possibly never provided, although many at-
tempts to understand this were made (for example Hladil &
Kalvoda 1993, Geldsetzer et al. 1993, Morrow & Sandberg
2003, Racki 2005; in combination with MS – Hladil et al.
2002, Hladil et al. 2008b). However, the concepts based on
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a relatively long pre-crisis development cannot reasonably
describe the uniquely and subsequently triggered process
(e.g., by the Alamo impactor).

This discrepancy between a ~0.1 Ma prologue and after-
maths of the same duration, in case of the other major crises
with pre-crisis changes, and post-crisis syndromes lasting
over several megayears, and bolide, or asteroid or cometary
impact catastrophe somewhere in this interval may be attrib-
utable to two possibilities. Either the impact occurred ran-
domly in such an interval, with possible 0.1–1 Ma frequency
of such impacts, or the relatively long terrestrially driven cri-
sis was systematically connected to extraterrestrial causes.

Such highly speculative distant causes must have
long-term effects on ocean-atmospheric circulation and
climatic settings. A strong secular fluctuation in energy
provided by the Sun can speculatively be related to this.
However, no serious evidence or models are available to
explain sufficient change in the energy emission of the Sun
or shading by meteoritic dust between Sun and Earth.

Middle Frasnian atmospheric load of mineral dust. – In
spite of the great spatial extent of carbonate environments of
Middle Givetian to Middle Frasnian times, the development
of mixed carbonate-siliciclastic systems is not exceptional.
The classical examples of carbonate ramps and reefs that
were considerably resistant to stress from increased flux of
terrigenous material were described from Belgium, W Ca-
nada or W Australia (Préat & Kasimi 1995, Mabille & Boul-
vain 2008, van Buchem et al. 1996, George et al. 1997). An
almost absolute predominance of illite in argillaceous carbo-
nate rocks of this time span was found in Belgium, e.g., in
the Fromelennes unit. In wider stratigraphic ranges, for the
Belgian Givetian–Frasnian limestones, the average abun-
dances are: mica-illite 70%, chlorite 16%, smectite 7%, cor-
rensite (subregular chlorite–smectite mixed-layers) 4%,
kaolinite 2% and random mixed-layers 1% (Han et al.
2000). The mica-illite and chlorite/chloritoide dominated
impurities, with iron-oxyhydroxide and oxide components,
were also transported to distant platform reefs where they
sedimented in shallow water together with biological and re-
cycled carbonate. It can be exemplified by pure carbonate
systems, such as that of SE Moravia (Hladil et al. 2006a).

There is a reasonable expectation that the majority of
this mica-illite, or locally illite-smectite material relates to
mineralogical relicts of terrigenous material, although al-
terations by formation fluids exist in porous, e.g. bentonite
layers (McCarty & Reynolds 2001). The classical sedi-
mentological concept emphasizes two dispersal sources,
the input of terrigenous clastic dispersion along the coast
line and from rivers. The first affects the inshore zone
whereas the second contributes to along-shore and down
slope dispersal. However, the long-living giant platform
reef complexes are thriving in the places where these inputs
are the lowest possible or at least considerably reduced.

Most coral reef growth is inhibited by sedimentary deposits
from rivers. In addition, the shallowest water blanket
which stretches over the wide platform reefs for hundreds
of kilometres is not an appropriate medium for long dis-
tance dispersal of these primary aqueous suspensions be-
cause of flocculation and sedimentation.

On the other hand, it can be easy demonstrated, using
the reviews on modern eolian dust distribution (Duce &
Tindale 1991, Tegen & Fung 1995, Mahowald et al. 1999,
Harrison et al. 2001, Zender et al. 2004), that the largest
present-day carbonate complexes have a great supply of
these deposits, which fluctuates in long-term averages
from 1.5 . 10–10 to 1.5 . 10–9 kg . m–2 . s–1 (i.e. ~ 5 to 50 tons
per square meter and million years). It corresponds, assum-
ing a 20 m/Ma accumulation rate of pure carbonate, for ex-
ample, to a maximum proportion of this non-carbonate
component which is equal to 10–50%. Although this mate-
rial is washed and dissolved so that this amount is reduced
roughly to ¼, it still represents 2.5–12.5% mass of lime-
stone. Such amount is more than sufficient to explain the
whole mass of embedded impurity, as the pure limestones
of Quaternary platform reefs have generally been charac-
terized by about 2–3% of this component.

The conclusion that develops from this comparison
might help us understand the proportions between the typi-
cal aquatic and eolian inputs. On spacious and very shallow
platform reefs, the dust delivery from eolian inputs must
prevail. The dust-related impurity in pure limestone is
identifiable by increased concentrations of iron which are
equal or higher than those of potassium (Fe ≥ K). Further,
the iron oxides-oxyhydroxides and mica-illite are domi-
nant mineral phases and all mineralogical variability is sev-
eral times lower than in riverine input. And finally, the rare
earth element (REE) distributions in atmospheric dust
components display a minimum depletion of LREE in
comparison with river mud.

The amounts of eolian dust trapped in modern platform
reefs can reach 2 wt.% of the limestone. Although it is only
a rough emprical estimate of averaged impurity concentra-
tions in off-shore reef sediments and uncertainty is high,
from close to 0 to 4 wt.%, the analyses from comparable
reefs seem to confirm this traditional value (e.g., Crabbe et
al. 2006). If we admit that duration of deposition on the
platform reef area of the Moravian Karst was controlled
mainly by the eolian dust delivery (Hladil et al. 2006a),
then the E-MF impurity in limestone corresponds, also as a
rough average for the figures, to 6 wt.% of limestone. It in-
dicates a significant difference (by a factor of 3).

Further estimates can be obtained from the masses of
trapped and circulating dust. The recent calculations about
mineral dust mass budgets (e.g., Luo et al. 2003, Tegen et
al. 2004, Zender et al. 2004) keep the present-day annual
emission (E) at about (rounded) 2000 Tg. [Marine salts are
not involved, cf. Strier et al. 2006 for proportions today]. It
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may, most likely, be connected with turnover (mean resi-
dence) time (τ) of about 5–6 days and mean atmospheric
burden (M) of about 25–?30 Tg. The simulated mechanism
may account for a twofold to sixfold increase in dust con-
centration from interglacial to full glacial conditions
(Greenland Ice Core Project; Andersen & Ditlevsen 1998),
with momentary peak values 100 times higher than today.
It is hypothetized that mean Quaternary values may tenta-
tively be set somewhat higher, perhaps about E ?3000 Tg,
τ ?8 d, and M ?50 Tg. From the experience with the 2007
Ukrainian dust event over the Europe, however, evidence
suggests that these global estimates could be seriously un-
derestimated (Hladil et al. 2008c). If we consider the M pa-
rameters proportional to dust deposition and embedding in
pure carbonate traps, which may not be completely correct,
especially owing to still poorly known Devonian atmo-
spheric conditions, then we can claim that the recorded im-
purity concentrations correspond to an approximately
threefold higher E-MF burden (M ?150 Tg) in comparison
to Quaternary. This estimate must be regarded together
with the consequence of almost the highest (or at least very
high) sea level stands during the whole Devonian (Morrow
et al. 1995, Hladil 2002, not Johnson et al. 1985) when the
far-reaching flooding over the continental shelf, coastal
lowlands and cratonic peneplains, reduced the surface of
emerged land. Thus, the land surface capability for emit-
ting particulates was, most likely, several times more inten-
sive, e.g., ?fivefold greater, than that of the Quaternary.
With the E-MF interval, the several-10-ka averages may
typically differ by a factor of 4 and those of about 100-ka
by factor less than 2 based on the curves for mostly para-
magnetic impurity in calcitic limestone (Fig. 7; or Hladil et
al. 2006a, Nawrocki et al. 2008).

A few remarks on diagenetic alteration. – On the basis of
the transmitted light microscopy and cathodoluminescence
imaging, a rapid decrease in porosity of the E-MF lime-
stone is seen. Production of isopachous cement with fibers
or blades was much suppressed to completely absent, and
the same was found for dog-tooth cement. Also dolomite is
practically absent. The only exception to this rule is a slight
tendency towards the production of early marine cement
crusts that was coupled with insertions of relatively light-
coloured grainstone facies with Megalodont bivalves. Af-
ter thin coating by bacterially-mediated precipitates, the
molluscan shell fragments (bivalves, gastropods) were
completely dissolved and replaced by equant calcite.
The intergranular microporosity of packstones was rapidly
filled due to calcite crystal growth nucleated on micrite
to silt-sized particles, and the macropores were filled
by medium-crystalline equant calcite. The filling by nonlu-
minescent equant cement was rapid, as documented by oc-
casionally observed, almost coeval intraclasts of grain-
stone-in-grainstone and fragments with replaced shells of

molluscs. This rapid filling by stable-composition equant
calcite is very typical for the E-MF, whereas the overlying
Frasnian limestone, e.g., in the hassi zone, contains relicts
of well-diversified successions of marine and meteoric cal-
cite cements. The rapid early diagenetic drop in porosity,
together with fills and recrystallizates of relatively stabili-
zed pure-calcite compositions, strongly reduced the circu-
lation of fluids. The risk to a chemically modified phase of
phyllosilicates is not very high for these types of E-MF li-
mestones, although the primary hydrated mica and
illite-smectite impurity components were later thermally
influenced and values of IC for Moravian Karst range typi-
cally from 0.44 to 0.55 Δ 2°Θ. These physico-chemical
conditions during diagenesis differ from relatively porous
and reactive carbonate-siliciclastic rocks (Han et al. 2000)
or porous bentonites (McCarty & Reynolds 2001).

After a 60 Ma period between the relevant ages in
Frasnian and Serpukhovian, the strata were rapidly buried.
Diffusive recrystallization in deep burial conditions en-
compassed both the allochems and cements but has an ef-
fect rather on microstructural change in orientation of cal-
cite lattices of superimposed crystal mosaics than on
dismembering (blurring) of primary carbonate microstruc-
tures and those of the embedded impurity. The porosity
dropped to a minimum. Although the Serpukhov-
ian–?Kasimovian deep-burial and early exhumation heat-
ing was exceptionally high, corresponding to temperatures
of 150–250 °C (gradient from low to high is from SE to
NW; Franců et al. 2002), the limited circulation of fluids in
the impermeable microstructure of limestone is considered
to have a low effect on impurity phases. The heating in
these conditions may possibly have a minor effect on
goethite-to-hematite transformation (Fan et al. 2006), and
even the origination of pyrrhotite and magnetite from
hypothetic thio-spinel precursors (Skinner et al. 1964), be-
cause the purely thermal transformation thresholds are
above the maximum temperatures for these limestones. In
addition, the E-MF rocks, in contrast to their relatively
dark-grey colour have lesser amounts of diagenetic
pyrrhotite and pyrite than other dark-grey intervals in the
Moravian Karst. This seems to be in full agreement with
MS and mineralogical data which suggest that mica-illite,
with a few chlorite to chloritoid-bearing assemblages, and
goethite, the most common paramagnetic impurities, pre-
vail. Strong excursions based on occurrence of hematite or
magnetite were not found. With respect to these aspects,
we have considered the local E-MF conditions as quite fa-
vourable for studies on dust input.
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Impurities in pure shallow-water limestones, from sequen-
ces without significant stratigraphical hiatuses, are princi-
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pally delivered onto the platform in the form of eolian or
atmospheric deposition. The detailed exploration of these
limestones has potential to explain circumstances of major
global events and environmental crises. The level of the
mid-punctata event recorded in limestones of the Mora-
vian Karst platform reef is preceded by an interval which
corresponds to low sea fall but, concurrently, also to
steady-stable conditions with considerably reduced eolian
and other detrital inputs. The abrupt rise in sea level marks
the event base, and the event related beds are characterized
by extremely high energy sedimentation, which is reduced
upward, but still marked by the mixed carbonate and impu-
rity material that was collected across the facies and with
signs of material recycling.

A series of magnetic susceptibility stratigraphic mea-
surements is indicative of the presence of an anomalous
pattern in the middle of the early Middle Frasnian cycle
(~ punctata zone). This MS pattern consists of a pro-
nounced low, followed by a composite high, that is first
sharp at the base and gradually fades upward. This rela-
tively robust and specifically shaped valley-and-peak seg-
ment in the MS plots was termed as A–B, and its strati-
graphic correlation potential was assessed both in the terms
of the regional and interregional correlation. The natural
gamma-ray signal is high, both closely below and above
the relevant flooding surface. The comparison of
MS–GRS–INAA results was tested as an effective and
promising approach in the search for coarser grains of at-
mospheric dust embedded in pure limestones.

A complex of separation and extraction techniques,
with measures for monitoring possible contamination, was
optimized for well cemented and slightly recrystallized
pure limestones by maximum yield of suspect exotic parti-
cles. In sequentially separated heavy fractions, an assem-
blage of exotic silt- to fine-sand-sized grains (5–150 μm)
was found. The suspect assemblages contain a small but
significant number of iron-rich silicate microspherules that
have onion-like fabric and striated surfaces. Devitrified
glasses of An-rich plagioclase, diopside and complex com-
positions are common. These give examples of fluid-plas-
tic textures and contain also wrinkled and foamed varieties.
The glassy materials are rich in Ti and Ba, while Cr and Ni
concentrations are relatively low. Fragments of minerals
and rocks contain olivines, plagioclases, dotted with
symplectic exsolutions, and pyroxenes. The ablated sur-
faces of olivine particles are often striated, and the
pyroxene particles frequently host iron-rich lamellae. Phlo-
gopites and various Ti, Ba, Fe-bearing secondary minerals
are common in crystalline/subcrystalline pellets and coat-
ings of smaller particles. Delivery of these suspect grains
may most likely to have been connected with the Alamo
impact catastrophe, although this single event cannot be
the direct cause of the long-term and robust disturbances in
the early Middle Frasnian.
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