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Abstract Mineral dust and other constituents of Devo-
nian atmospheric aerosols together with certain amounts
of aquatic suspensions of riverine detrital origin, col-
loidal particle dispersions and seawater solutes were
embedded in �95–98% (or purer) limestones on a con-
sistently subsiding isolated carbonate platform where
they formed very complex impurity systems. Very low
Th/U values, relative abundance of Fe but a slight excess
of K typically characterize these ultrafine impurities
which are mineralogically dominated by smectite–illite
and mica (sericite) together with goethite. In vertical
section, these impurities are arranged like incremental
series of light and dense bands. The combined method of
natural gamma-ray spectrometric and magnetic suscep-
tibility measurements (GRS–MS) together with back-
ground of major and trace element analyses provided
first systematic insights into fine-scale variability of these

impurities in a pile of pure carbonate platform beds,
mostly in inner platform Amphipora limestone facies.
These carbonates were deposited close to sea level but
far from river mouths, and they represented a certain
sort of a relatively ‘‘independent’’ medium that was
primarily sensitive to climatically (and by rare events)
controlled input of atmospheric dust. A remarkable
similarity of MS stratigraphic patterns that reflect the
quantity and quality of embedded impurities in very
distant and paleogeographically separated Devonian
basins might be seen as supporting this viewpoint. A
long composite stratigraphic section of the Moravian
Karst ranges from mid-Eifelian to end-Frasnian levels
and yields a number of time characterizing GRS–MS
variations that can potentially serve as templates for
high-resolution stratigraphic correlations over long
distances.
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Introduction

Previous studies

The detailed stratigraphic variation of impurities in
limestones seems to be an attractive research topic in
present-day high-resolution stratigraphy. The magnetic
susceptibility (MS) stratigraphy as developed since the
mid-1990s (e.g. Crick et al. 1997, 2001) cover many
Paleozoic stage boundary sections with a field resolution
of �3–5 cm. This resolution typically relates to a few
metres of condensed carbonate strata that deposited in
conditions of slopes and toes with sedimentation rates of
�5–25 m/Ma. From the first MS studies made in thick
but well-bedded platform limestones (Hladil et al. 2002;
da Silva and Boulvain 2002, 2003), the importance of
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these shallow-water carbonates for the stratigraphic MS
records is emphasized of taking into account impurities
that were widely distributed in atmosphere and ocean
surface layers. Such thick series of beds, particularly if
related to sufficient and continuous basement subsi-
dence, reduced effects of major sea-level falls, river deltas
or tectonically controlled shedding of clastics, may also
have a good potential to provide other details on MS
variations. This is simply due to the fact that there is
more space for record and sampling.

Aims and possibilities

The initial motivation for the present study grew out of a
perceived need for a sufficiently long composed section
in which the various time-related MS variations can be
precisely characterized and used for correlations.
Accompanying this motivation was the real opportunity
to achieve a specification of the MS curves in combi-
nation with field and laboratory gamma-ray spectrom-
etry (GRS). The combination of four variation curves,
MS and GRS with K, Th and U, was suggested as a
preferable option to acquiring the appropriate proxies
for the detection of ultrafine and indistinctly embedded
impurities in these limestones (Hladil 2002), and it is
mainly due to the fact that the direct determination of
these impurities seems to be linked to serious problems.
The first class of problems is closely related to the dis-
tribution of micrometric to nanometric and often com-
plex non-carbonate particles and inclusions in pure
limestones where only a part of them can effectively be
separated and identified using the standard methods.
And the second class of problems is related to slightly
developed techniques for unambiguous classification of
various generic sources of impurities. Although we are
aware that a comprehensive solution of a system with
complicated dynamics of mixing among impurity com-
ponents is rather beyond the scope of a single study, the
second motivation was to find at least the basic rela-
tionships between the GRS–MS characteristics and
quantity and quality of impurities.

The section

Location and segments

The rocky landscape of the Moravian Karst and adja-
cent sites (Fig. 1) yields a number of sections (Hladil
2003) where well-stratified successions of Amphipora or
other stromatoporoid-coral wackestone/packstone or
packstone/grainstone beds prevail (Zukalova 1971;
Hladil 1983, 1994). The appropriate parts for the com-
posite section, however, had to be chosen according to a
good preservation of rocks and strata, and a relative
comparability of sedimentary features was also signifi-
cant—in this case, the occurrence of flat and continu-
ously aggraded banks with Amphipora horizons. This

section was, therefore, finally assembled from three long
sections in relatively unfaulted blocks of limestone (see
Fig. 1, for location; Figs. 2, 3, for structure), where the
lower (Eifelian-Givetian) part is the Celechovice Statni
Q. (NE of Moravian Karst, near Olomouc—Galle and
Hladil 1991; Hladil et al. 2002), the middle part (Give-
tian) is the Josefov-Barova Section (central Moravian
Karst, N of Brno—Zukalova 1971) and the upper part
(Givetian-Frasnian) is the Mokra Quarry West (SE of
Brno—Gersl and Hladil 2004a). The connections of
these three parts were made using the complementary
sections of Josefov-Pila (lower/middle joint) and Mokra
Q., fourth Level (middle/upper joint), which were se-
lected according to their completeness and intensity of
signals that were comparable to the main parts of the
section. The overlapped records of signals from different
sites were connected in levels, where correlation on 2 m
windows in preliminary measured ends was higher than
0.8 and the values at stratigraphically corresponding
points differed <20%. The end-point of the lower part
was cut and replaced by the new beginning point of
jointed part of the section.

Stratigraphy

The biostratigraphical scale of standard conodont
zones was juxtaposed according to most recent data, as
available (Eifelian—Hladil et al. 2002; Givetian—Galle
et al. 1988 and Frasnian—Gersl and Hladil 2004a).
This correlation has solid conodont documents in the
Frasnian, and to a lesser extent Eifelian/Givetian
Kacak-event levels (Hladil 1994; Hladil et al. 2002;
Crick et al. 1997), but the accuracy can be reduced
by coral–conodont relationships in mid-Eifelian and

Fig. 1 Location. Three parts of the Moravian Karst Composite
Section (Celechovice, Josefov-Barova and Mokra). Two auxiliary
(bridging) segments of Josefov-Pila and Mokra-Western Quarry
plus are immediately W of the Josefov-Barova and Mokra WQ
sections. The large outcrops of Devonian platform/reefal lime-
stones NE of Brno (black) are distinguished from the mostly
covered parts of these limestones (regular brick-like fill pattern)
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mid-Givetian intervals (Fig. 2). Mainly the conodont
zone boundaries (correlated using the other faunas,
lithology and geophysical logs far into the platform
inner parts) have only approximate character. The
development of various biostratigraphic tools in plat-
form limestone facies (summarized by Hladil et al.
2002) led us to conclusions about their relatively low
resolution, and this fact was one of the main arguments
for us to use the GRS–MS correlation techniques. This
composed section through a (mega)sequence of reef-
platform limestones embraces practically all available
strata from mid-Eifelian to end-Frasnian levels. The
only exception is a small volume of Emsian–Eifelian
limestones which have small and weathered outcrops in
shear and fault zones.

Settings and environments

The effects of open ocean environment successively in-
creased in lower part of this sequence, with an opposite
trend in its uppermost part (typically in the inner, not
outer parts of the platform; Hladil 2002). The conditions

with continuous subsidence, slopes exposed to more
than 1 km deep oceans, thickness of several hundreds of
metres, and no direct contact with river deltas (Babek
1996; Bosak et al. 2002) are generally favourable for the
GRS–MS stratigraphic correlation. The vertically ac-
creted pile of carbonate banks grew on a deeply eroded
and thinned block of Cadomian crystalline rocks under
conditions of crustal extension (Eastern Brunnia mi-
crocontinent; Moravian structural block—Hladil 2002).
The formal name of this Devonian limestone unit is
Macocha Formation (Zukalova and Chlupac 1982).
These limestones covered both the crystalline rocks
(granitoids, gneisses, ophiolites and schists) and erosion
relicts of mostly Lower Cambrian formations with
sandstones, conglomerates and marine siltstones. Most
recently, the thickness of Devonian sandstones was
constrained to be only a few of metres (Vavrdova et al.
2003), and these sediments between the oldest beds and
limestones have very local origin and are often absent,
having <1% volume if compared with the Macocha
Formation. The rare lenses of sandstones in limestones
correspond only to 1& by this comparison. These lenses
are detrital rims around small crystalline, mostly granite

Fig. 2 The ‘‘raw’’ NGR (natural gamma-ray, GRS, gamma-ray
spectrometry) and MS (magnetic susceptibility) values, plotted and
juxtaposed with stratigraphic and facies data. The plots correspond
to data for 0.5 m intervals (compare ESM1). The term ‘‘raw’’

means that no other recalculations were used, and scales are linear.
High-impurity concentrations at the beginning (and end) of this
carbonate megasequence combine the primary (input) and second-
ary (rate of carbonate accumulation) reasons
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inselbergs, which were several tens of kilometres distant
(Bosak et al. 2002).

Methods

Gamma-ray spectroscopic measurements

The field measurements were made in rows of targets
which were spaced 0.5 m in the section, using the GS-
256 NaI(Tl) 2·2¢¢ spectrometers in the field, and GR-
320 LAB for laboratory samples. The results were di-
rectly recalculated to contents of K, U and Th. The
total counts from field measurements related to ‘‘nat-
ural gamma-ray (NGR)’’ (> 840 keV) were converted
to values of equivalent U concentrations that can
produce the same effect, and thus it has only relative
importance. The �95% signal in field measurement
corresponds to 0.25 m radius hemisphere (�180 kg of
the rock), and several 1 kg samples were used for
comparative laboratory measurements. The horizontal
branches of field measurements have errors 2r 5–15 %,

which largely correspond to natural variations in
amounts of bioclasts in the beds. The optimum con-
ditions for field measurements require full perpendicu-
lar contact of the probe front to clean and flat vertical
rock face, with sufficient time for stabilization of
counts (we used 240 s). The complex information about
GRS methods is available in a monograph by Gilmore
and Hemingway (1995).

MS of the rocks

The ‘‘averaging’’ methods of MS logging of outcrops
like with the field GRS were practically impossible,
because the commercially available instruments for this
purpose have small magnetic coils and much lower
sensitivity than it is required for relatively pure lime-
stones. It was substituted by detailed sampling and
laboratory measurements of MS values. Approximately
40 g samples in vertical section were spaced at 5–20 cm
intervals. Besides the samples in this vertical row, a
horizontal sampling of single horizons was often made,

Fig. 3 Modified plots of data after ‘‘moving normalization’’ and
comparison of NGR and MS signals. The ‘‘moving normalization’’
(mn) normalizes the value in each level to average value of adjacent
interval (5 m window; 0.5 m shift). The comparison of MS versus
NGR peak values, as well as the NGRmn/MSmn, NGRmn(-)MSmn,

and NGR(-)MS ratio and indexes, were further used for graphic
visualizations of relationships between these two sources of
information on impurities in limestones. The effect of ‘‘dirty’’
beginning (and end) of the section was eliminated
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to improve, if necessary, the quality of data. These
horizontal rows of MS values have not an insignificant
error 2r of 10–30%, which is twice as much as at GRS,
but it can be demonstrated that these errors from
natural variability of rocks do not significantly change
the main patterns in the plotted curves. The values for
0.5 m points representing the section were derived from
smoothed curves. Sampling of fine-grained rock
matrices was generally preferred, and each sample
consisted of several chips to minimize the effects of
AMS. The routine measurements were made on KLY-
2,3 and 3S kappabridges. The isothermal remanent
magnetization (IRM) acquisition and alternating fields
(AF) demagnetization was measured in direct-current
field up to 0.9 T using a LDA-3A demagnetizer and
JR-5A spinner magnetometer (Agico). According to
terminology and methods we can refer, in general, to
Dunlop and Ozdemir (1997).

Geochemical characteristics

The limestones corresponding to selected peaks, lows
and patterns in the NGR and MS curves were analysed
for rare earth (REE) and other trace elements. The
largest number of analysed points (45 of 65) was con-
centrated in the Josefov-Barova section. The same fi-
nely powdered rock materials were used for all types of
the analyses and small remaining amounts were saved
for possible further use. The trace element analyses
were made mostly using the instrumental neutron
activation analysis (INAA), because it gives informa-
tion about inclusions of any nature and size. Trace
element analyses of carbonate samples were also per-
formed on a quadrupole based ICP-MS (inductively
plasma-mass spectrometry; VG PQ3). The samples
were homogenized in an agate mortar down to 200
mesh. The powders were dissolved in HNO3+H2O2

and/or HF+HClO4 mixture. Significant higher recov-
ery for high-field-strength elements (HFSE) Nb, Zr and
Hf were observed in HF+HClO4 acid dissolution. The
other analyses: C and O isotopes of carbonates, total
organic carbon (TOC) and, on a few places, also
extractable organic matter.

Complementary mineralogical and rock analyses

These data cover mainly the GRS and MS anomalies in
the section. The largest (50–100 lm) detrital and authi-
genic grains are very rare. These were determined using
the optical and energy-dispersive X-ray (EDX) tech-
niques and mentioned in the previous papers (Ures et al.
1999; Hladil 2002). This former information was ex-
tended on the base 20 kg samples of anomalous rocks
that were either dissolved in acetic acid or grinded and
concentrated on the Wilfley table. The micrometric and
nanometric crystalline impurities were identified using
the secondary electron imaging and electron microprobe

analysis (SEM-EMP; Cameca SX-100) both in residues
after dissolution in hydrochloric acid and(or) on the
surface of polished sections. The comparisons of SEM-
EMP, PIXE and XRD analyses allowed to assess, al-
though very roughly (not always identifiable), the deli-
cate structures of mineral mixtures in goethite and
mainly in very fine crystalline iron-containing aggregates
of authigenic ditrioctahedral smectites with other iden-
tifiable dioctahedral clay minerals and micas.

Gamma-ray spectrometric features throughout
the section and their causation

The main parts and both ends of the section are different

The NGR values are distinctly different between the
broad middle parts and the lowermost and uppermost
levels of this platform-limestone (mega) sequence. It is
that a nearly complete Givetian succession of strata,
together with significant intervals in adjacent Upper
Eifelian and Lower Frasnian parts of the section, have
typically decreased NGR by factor �3 (Fig. 2). The
earliest and latest phases of carbonate platform sedi-
mentation differ not only by enhanced NGR (mainly on
40K), but these ends are also marked by a moderately
elevated Th/U ratio, where the Th and U concentrations
are not so much different, and the former may even
reach or rarely exceed the latter ones. These gamma-ray
features correspond to tiny detrital grains which are
more frequently found in micritic matrices of limestones
(Fig. 2). It can be interpreted as a result of moderately
increased detrital inputs with the beginning and end of
this carbonate formation, although the overall increase
of NGR for both the ends is also due to somewhat
slower accumulation rate (e.g. conodont zones / thick-
ness; Fig. 2).

GRS-detected potassium

The pure limestones in main parts of the composed
section have both the absolutely and relatively lowest
average concentrations of GRS-detected potassium
(�0.2%). These �0.2% of K can, if stechiometrically
related, correspond to �3.6% of illite (or �2.1% of
sericite), but there is a problem that average contents of
all residues insoluble if formic acid are not higher than
�2%. This disproportion may also correspond to
these findings that a significant part of the ICP-MS
determined K was found even using the ‘‘soft’’
HNO3+H2O2 digestion of carbonate samples. In spite
of the fact that this problem with excess of K was
reported first by J. Jarka (unpublished), on the base of
classical inorganic chemistry, the exact distribution of
K in all non-carbonate and carbonate mineral phases
has not yet been understood in details. It seems that at
least a part of this excess of K is located in tiny oxidic
inclusions in calcites.
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It is noteworthy that the GRS-detected bulk con-
centrations of K are almost twice as high as those in
analytical results from the point samples. The X-ray
mapping and radiography of rocks suggest that this
difference is caused by a strong re-concentration of
impurities along solution seams. These intermittently
occurring networks of waved lamellae and thin lenses
typically escape the techniques of normal limestone
sampling in which solid fragments of rock prevail. It
seems that this disproportion between the bulk-rock and
point-sample data can be found elsewhere in the lime-
stones with common dissolution features.

Significance of relatively high uranium contents

The substantial middle parts of the section have rel-
atively high values of uranium (averages 1.7 mg kg�1).
This enhancement of U values is commensurate with
the Th/U and 104 Th/K ratios �0.3 and �2.9,
respectively (Fig. 2). Morevover, if it is computed for
the entire section, these proportions remain quite
similar: Th/U �0.5 and Th/K �2.25. These consis-
tently higher U than Th concentrations are rather
unusual than normal for sedimentary limestones. Such
concentrations are actually in inverse proportion,
particularly if it is compared with limestones of epeiric
seas (e.g. Lower Cretaceous of N France; Ruffell and
Worden 2000) or those of ocean sea slopes (e.g. Lower
Devonian of Barrandian area; Slavik et al. 2000),
where the Th/U ratios are typically equal to �2–3 (or
more). Our shallow-water platform Th/U values can
be seen still as inverse also if pelagic cherty limestones
of the world ocean are compared (Plank and Lang-
muir 1998). These examples from distant and deep
ocean environments suggest that a single parameter of
distance from direct detrital sources is not the most
significant condition for occurrence of such low Th/U
values.

Hence, the very low Th/U values are quite rare in
sedimentary carbonates. One exception of this rule, with
values about 0.3–0.5, was found in an Upper Cretaceous
marly-cherty euxinic system of the Venezuelan La Luna
Formation (Lo Monaco et al. 2002). Of course, this is a
very rare example that is almost unrelated to Moravian
Karst, because the TOC and vanadium concentrations
in these oil rocks are more than ·25 and ·2,000 higher
than here (reaching �5 and 0.4%, respectively). Looking
for certain Devonian counterparts with dysoxic deposi-
tion of limestones, we can mention the goniatite beds of
Kostomloty (Kielce area, Poland). In spite of occurrence
of framboidal pyrite and 1%-TOC content, their aver-
age Th/U values oscillate about �2 (Bond and Zaton
2003; Racki et al. 2004). Similarly the carbonatic black
shales and limestones of Lower Frasnian age in Algeria
kept the Th concentrations higher than U still at 14%-
levels of TOC (Luening et al. 2004). Thus, the low Th/U
ratio in limestones of the Moravian Karst can hardly be
explained using the possible effects of euxinic waters and

high TOC contents. As a direct evidence for this, we can
mention the low average concentrations of TOC
(�0.2%) and low correlation between U and TOC
(�0.4) which is only slightly higher than for Th and
TOC (�0.3).

However, a more plausible comparison we can make
is with the GRS measurements in vertical sections
throughout the young carbonate beds of the NE mar-
gin of the Great Bahama Bank (e.g. Hladil et al.
2003b). Here, this predominance of U over Th (= low
Th/U ratio) is an undoubted feature of limestones, and
it is clearly related to extremely shallow-water but
oceanic character of deposition which is combined with
embedding of impurities from settled African dust (and
impurities recycled on place). These impurities in car-
bonates of Recent Bahamas are typically rich in Fe but
are a little depleted in K (see the ‘‘Other geochemical
characteristic’’ for explanation of this difference). A
substantial, although not absolute, similarity of the
Bahamian impurities and their GRS images with those
of the Moravian Karst (Hladil et al. 2003b) allows us
to give an approximate idea of what the inputs, making
the impurities of this sort, actually are. A significant
role in the formation of these impurities is likely for
atmospheric desert dust transported over long dis-
tances.

Sea-level falls, impact-related horizons and primary
banding of impurities

These remarkably low Th/U values of the Moravian
Karst section are, however, disturbed occasionally by
narrow and sharp anomalies where the values for this
ratio are increased, reaching the values about 1. These
anomalies often correspond to major eustatic sea-level
drops, e.g. with the end-Upper varcus or Upper hassi
falls (Fig. 2), but they are also linked to possible mete-
oritic impact horizons (Hladil et al. 2004), e.g. with the
stratigraphic markers of Kacak, Josefov-Barova-21 or
Frasnian punctata horizons (Fig. 2). All these pertur-
bations have paleogeographic significances in themselves
that correspond to (1) emergence of local crystalline
inselbergs and spreading of detrital grains from this
source, (2) increased eolian flux of mineral dust from
other substantially emerged landmasses and continents
elsewhere and (3), but only in humid climates, the
development of river networks that provided increased
quantity fluvial particles (Hladil 2002). The latter type of
input is particularly relevant to first flooding sur-
faces—e.g. Celechovice (Ures et al. 1999; Hladil et al.
2002). Here, also Fe-glauconites together with slightly
increased phosphate were found, and this is likely to be
typical of rather sediment-starving carbonate systems
where eolian and riverine inputs were mixed together.

According to comparison with paleogeographically
derived eustatic curve and structure of flooding surfaces
in the limestone facies column (Fig. 2), it can be pos-
tulated that GRS fluctuations in these limestones are
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basically recording the eustatic changes (Gersl and
Hladil 2004a; b). However, a large number of secondary
differences from overall facies changes had to originate
mainly due to certain dissonance between local and
major interregional rhythms of sea-level fluctuation as
well as from very incompletely known ocean and
atmospheric circulation that was directly responsible for
an unstable, rather punctuated delivery of detrital and
eolian material on the platform.

Hence the increased concentrations of complex
impurities of varying compositions form narrow and
sharp anomalies in the section (Figs. 2, 3), and this
feature is not merely relevant to partial low-stand sedi-
mentary condensations but equally to these increases in
episodic delivery of non-carbonate material. The evi-
dence for this is that laboratory GRS, X-ray maps and
radiography suggest that such a banding, where obscure
impurity bands are often arranged with large spaces in
between, exists also in scales of centimetres and deci-
metres. This fine-impurity banding matches only in 40–
60% the most obvious changes related to bedding and
material of the beds how these are perceived in the field,
and it also has a practical impact on relationships
among the GRS, MS, beds and facies in detail, as sub-
stantiated also by partial segments of the section (Fig. 4,
for example). Consequently, the direct relationships be-
tween the arrangement of beds and facies of these plat-
form limestones and their GRS records would not be
overestimated.

MS variations and their possible carriers

Overall characteristics of magnetic mineral phases

Magnetic susceptibility in limestones with impurities is
generally considered to be a physical quantity that can
be used for the indication of concentrations of iron,
ferromagnesian or clay minerals. It was documented
that this MS signature in various marine limestones
substantially resides in paramagnetic detrital or detri-
tal/authigenic constituents of the host carbonate rocks
(e.g. Ellwood et al. 2000). Of all the paramagnetic
minerals in limestones usually the most abundant are
smectite–illite, chlorite and micas; chloritoids, glauco-
nite and siderite, if these minerals are present, have
stronger MS effect than modest amounts of dissemi-
nated pyrite.

However, the XRD analyses of insoluble residues
from the Moravian Karst section found regularly the
predominance of smectite–illite, micas (sericite, with
quartz) which occur in the ambient carbonate matrices
together with goethite. Other minerals of significance in
MS of limestones are pyrrhotite, pyrite, hematite,
ilmenite, magnetite, other combinations of Fe-oxides,
often with Ti, and pyroxenes, but their amounts and
crystal sizes are usually very small so that it is difficult to
physically separate these minerals from the embedding
mixed mineral matrices. The INAA-determined average

Fig. 4 A detailed window from the Lower rhenana interval of beds.
This, and also any other details of the section yield evidence of
limited consistency between GRS–MS and lithology–biofacies
data. The variations of these parameters are much more indepen-

dent than usually portrayed. Examples of strong anomalies inside
the massive beds (248.1 m) and, inversely, the minima at contacts
of the beds (256.5 m), occurring irregularly, are corroborating
documents to primary eolian input of impurities in these limestones
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content of Fe in these limestones is 0.1 wt%, and about
70% of this iron is, in average, extractable using the soft
dissolution in HNO3+H2O2 (ICP-MS). It suggests that

iron is mostly bound in oxide and other possible easy
dissoluble phases (Fig. 5 a, d, e, g, i, for example), and
only lesser amounts are tightly bound in sulphide and
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silicate minerals (Fig. 5 c, d–f, j and k). It contradicts the
predominantly paramagnetic origin of the MS and
suggests that composition of Fe-rich impurities is not so
much based on the detrital clay minerals as can be as-
sumed, for example, from the comparison with impuri-
ties in the Givetian-Frasnian platform limestones of
Ardennes (Chamley et al. 1997; da Silva and Boulvain
2005 in press).

Extent of MS variation

In the Moravian Karst section, the highest MS values of
�160·10�9 m3 kg�1 in 0.5 m-interval data (and �350 ·
10�9 for 5 mm thin anomalous laminae) correspond to
the maximum concentrations of Fe which are 0.7 wt%
(and 1.6 wt%, respectively). Broadly, the mass MS values
in this section range between several tens, in rare anom-
alous layers also more than a hundred of 10�9 m3 kg�1,
and slightly negative values of the purest limestone
intervals (Fig. 2), where it is caused by diamagnetic
properties of calcite. The most pronounced MS anoma-
lies in the section were found at the Kacak Event and in a
zone close above, and the other corresponds to the
Josefov-Barova-21 stratigraphical marker (Figs. 2, 3).
These elevated, sharp ‘‘spikes’’ in MS plots likely corre-
spond to bolide events (e.g. Ellwood et al. 2003, for the
Kacak E.), and high MS is ascribed to the occurrence of
ferrimagnetic minerals, primarily magnetite/maghemite
and pyrrhotite. However, an increase ofMS values over a
relatively broad interval at �25 m below the Kacak E. is
different, being rather compared with occurrences of
hematites (Fig. 6e, f), and a strong enhancement at
�10 m above this event horizon has been explained by
the occurrence of numerous ferric inclusions in honey-
coloured Fe-glauconites (Ures et al. 1999).

MS as an indicator of average concentrations of iron

The correlation between MS and INAA- or ICP-MS-
determined concentrations of Fe, based on 45 points
from the Josefov-Barova interval of the section, is very
high, exceeding 0.9. A slightly decreased correlation
values between these two quantities characterize the
Mokra and Celechovice beds in the section, �0.8 and
�0.7, respectively. It gives direct evidence about the
reliable MS detection of total Fe in these Devonian
platform limestones and puts constraints to the ob-
served mineralogical variations of clearly visible tiny
crystals of Fe-oxides and sulphides in residues which
seem to have far less effect than might be expected. It
can be related to several conditions, e.g. limited
amount of well-crystallized specimens, the presence of
impure mineral phases and the diversity of coexisting
varieties, where the latter can be enhanced still further
by weathering of these minerals (SEM-EMP: structur-
ally and chemically altered tiny grains of magnetite,
pyrrhotite or ilmenite).

Constraints to effects of organic matter
on the occurrence of magnetites

Considerable weak relationships were found between the
variations of MS and TOC concentrations. The MS–
TOC correlation value for the middle part of the section
(Fig. 7) is low �0.35, slightly higher for the lowermost
but very low for the uppermost part. The direct corre-
lations between TOC and INAA- and ICP-MS-detected
Fe concentrations are similarly low, but there are
slightly higher values for difficultly than easily extract-
able Fe (�0.32 vs. �0.21). This may tentatively be ex-
plained in terms of a poor HNO3-solubility of

Fig. 5 Scanning electron micrographs. The images document a
selection of singular particles and crystals which were found
individually in the relatively uniform and very fine structured,
originally very fine particulate smectite/illite/sericite–goethite/
hematite groundmass of complex impurities. Samples: 90 m,
Josefov-Barova-21 (images a–f); 238 m, Mokra-40 (g–i); 258 m,
Mokra-20 (j–o). a Assembled clasts and crystals of illite/mica
compositions, with dioctohedral structures (ILL); accessoric
minerals are embedded as submicrometric rounded polyhedra
and rods; scales of hematite are present (HE). b Spectacular
icosahedral crystals (max. 5–6 lm) are rich in Zr, Si with modest
contents of transition metals, with actinoids. A few crystals like this
one. Icosahedron (regular 20-faced polyhedron) is an extremely
rare shape, which is almost unknown among minerals occurring in
nature and seems to be linked rather to artificial HP-HT minerals. c
A cube of late diagenetical pyrite (PR) is coated by phyllosilicates
and hematites and has, on its upper and left sides, imprints of
carbonate crystals. d Submicrometric hematite pseudomorphs after
pyrite, HM(PR), with negligible content of sulphur, along the
contact between a small crystal of pyroxene composition (PX) and
coarse mica/illite aggregates (ILL). Bent scales of hematite (HM)
and subhexagonal platelets of pyrrhotite composition (PO-1). e The
spherical layer consists of 250 nm pyrrhotite (PO-2) pseudomorphs
after pyrite, but the interior of such spheres is usually filled by

carbonates, illite/mica and hematite. The upper surface is covered
with adhering scales of hematite and pyrrhotite (PO-1). This shell-
like shape resembles rather a relict of a sphere (like pyritized
coccospheres today) than framboidal pyrite. f Prismatic rods of
sulphur-deficient pyrrhotite compositions (PO-3) inside a hexago-
nal platelet of pyrrhotite (PO-4). g Relatively pure, compact illite/
sericite micronodules, which are coated by problematic amorphous
mineral films rich in organic matter. h A mica/illite bead of less
compact structure. i A large, rounded clast (very fine structure,
mostly with sericite and iron oxides); a grain indicative of sediment
recycling. j A microspherule with two major mineral types:
magnetite-like-shaped nanometric crystals of iron oxide (MT)
and silicates of olivine- and phlogopite-like compositions (PH).
Possible meteorite material (carbonaceous chondrite?). k A large
crystal of Mg, Fe, Si composition. An example of unweathered,
rare (exotic) crystals that resemble enstatite–ferrosilite pyroxenes
(PX). Source unknown. l The largest specimen of detrital muscovite
mica. It is relatively uncommon to find them deeply inside the
carbonate sequence of this type. m Friable material of a pellet—a
spongiform complex residue with typical illite outgrowths and
many hollows after dissolved carbonate crystals. n A small mica/
illite pellet with adhering hexagonal platelets of dickite-kaolinite
(Al-rich) compositions. o A dense aggregate of mica-clay minerals
of remarkably variable proportions of major elements (K, Al, Mg
and Si); traces of cobalt
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pyrrhotite, which can directly originate in sediments
(e.g. �0.2–0.5% of TOC, low total-S and high concen-
trations of easy extractable Fe; Kao et al. 2004) and
may also be formed at both the natural and experi-
mental heating of greigite that can be considered as a
possible precursor (greigite fi pyrrhotite + magnetite;
Lennie et al. 1997). Small concentrations of pyrrhotite in
this section were found mainly using the SEM-EMP
(Fig. 5 d–f).

The exact documentation of small amounts of
magnetite in these rocks is far more complicated than
for pyrrhotite, although the limestone samples in the
interval around the relatively highest MS values in the
lower (Josefov) part of the section provided the typical
shapes of demagnetization curves for magnetite
(Fig. 6c; Krs et al. 2001). However, the MS–TOC
correlation is slight also if detailed variations are
investigated in this interval of strata. The sources of
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problems are dual. For the first class of problems, there
are various SEM-EMP indications that these magne-
tites are likely late diagenetic, as they can occur as
pseudomorphs after sulphides or forming spotty and
altered inclusions in smectite–clay–mica impurities.
And the second class of problems relates to very small
amounts of this mineral, nanometric sizes of specimens
and their coalescence with other oxidic and sulphidic
phases of Fe. There is still no convincing evidence
proving that the primary bacterial magnetites are really
preserved in these rocks, although it cannot be com-
pletely excluded (Hladil et al. 2003b). Using the pub-
lished data on magnetites and their effects in marine
sedimentary rocks (�1.75 mg kg�1 of PSD magnetite
in rock for MS of �1Æ10�9 m3 kg�1; Collinson 1983;
Richter et al. 1997), we can surmise that the possible
amounts of magnetite must generally be extremely low
for these Fe-rich limestones which show only low val-
ues of MS.

These minimum amounts of magnetite are almost
invisible in many thermomagnetic MS curves because of
much higher contents of other minerals with Fe and
intense formation of new mineral phases (Fig. 6). The
possible thermal maturation of imperfect primary
magnetites, if exists, is strongly overprinted by break-
down of paramagnetic phases into magnetite during the
heating. An interesting feature is the often high level of
cooling curve with moderate and smooth decrease to-
wards the low temperatures. Both this very high position
and decrease with cooling, on these very fine mineral
mixtures, remain unexplained for now.

Pedogenic Fe-minerals and some but limited mobility
of iron

The sample related to stratigraphic marker Mokra20
(Figs. 2, 3) has SEM-EMP indicated tiny grains of
hemoilmenite which contains 5 lm thick relicts of
ilmenite in laminae (�36.8% Ti, 31.6% Fe). These
grains were embedded in porous carbonate–quartz–il-
lite (mica) networks with small contents of goethite and
hematite. However, the content of ilmenite is so small
that its MS thermomagnetic behaviour is completely
overprinted by the complex behaviour of surrounding
mineral mixtures (Fig. 6a). This rare finding resembles
occurrences of authigenic tropical soil ilmenites that
usually developed on ophiolites and basalts (Goulart
et al. 1994; Doriguetto et al. 1998). The limestones on
this place of the section have possible relicts of a pa-
leosol, but this surface was truncated, and the hard-
ground was subsequently covered by stromatolite-like
structures. The authigenic ilmenite can tentatively be
considered as a product of in-situ weathering, but its
atmospheric or aquatic transport is also possible
(compare the assemblage of objects in insoluble resi-
dues; Figs. 5j–o). The MS behaviour of Mokra40 resi-
dues with temperature is different, both the heating and
cooling curves have quite similar trajectories (Fig. 6b).
The residues relevant to this behaviour have a strong
predominance XRD-detected carbonate–quartz–illite
networks, with a number of the micrometric illite–mica
beads that consist of both the smallest clasts and au-
thigenic crystals (Fig. 5g–i).

Fig. 6 Thermomagnetic behaviour of imperfectly separable min-
eral mixtures. Several contrasting curves relate to four anomalous
horizons (Celechovice�25 at the 25 m mark, Josefov-Barova-21 at
90 m, Mokra-40 at 238 m and Mokra-20 at 258 m, in metres of the
composed section). There types of material were used: original
limestones and the first and second concentrates of their impurities.
The first are gravitational (Wilfley table), and the latter were
obtained by dissoluting them in 20% CH3COOH (HCl for Josefov-
Barova). a Samples from the uppermost part of the Lower rhenana
interval. A complex record of phase changes: e.g. the 20-B image
has no evidence of accessory hemoilmenite (found by SEM-EMP),
but it slightly indicates the presence and/or formation (and decay)
of low-temperature maghemite or Ti-maghemite (F. Hrouda,
personal communication). The shape of the these heating curves
can also be affected by thermal decomposition of pyrite to
pyrrhotite in mineral mixtures (J. Hl.), and a paramagnetic
signature is likely involved in the initial MS of all the Mokra-20
samples (B.B. Ellwood, personal communication). However, the
main XRD-detected components are calcite, quartz, illite/micas,
with traces of pyrite/pyrrhotite at 20�C, and the features of the
latter are absent after the heating to 700�C, so that proportions of
all other, albeit diversified, accessory minerals in these complex
impurities are limited to a few tens or first %). b Other Frasnian
stratigraphic marker; Upper hassi interval. Calcite, quartz, illite/
micas prevail in 40-B, but phyllosilicates with Fe and Fe-oxides are
in admixtures. A very slow MS decrease at Curie temperatures may
correspond to inhomogeneous zonal titanomagnetites (F. Hrouda,

personal communication). In general, the ferrimagnetic effects can
be found in all Mokra-40 samples (B.B. Ellwood, personal
communication). (A and B: measurements by B.B. Ellwood). c
The black coloured raw limestones of the JOBA-21 mid-Lower
varcus event horizon often show the heating curves which are
indicative of accessory magnetites, although the values drop early,
at 510�C (the heating curve, by M. Krs in 1992). d The
decarbonatized dense concentrates related to the above-mentioned
event contain pyrrhotite; they have typically blackish colour in
solid state, producing dark-grey greenish solutions in HCl. The
susceptibility versus temperature curve (extremely low rate of
heating/cooling, in air; in KLY-2 Suchdol) is indicative of
pyrrhotite/pyrite phase changes at low temperatures, but the
changes at higher temperatures may correspond to structural
assembling of magnetites and hematites. Anomalous features are
two: an apparent valley in heating curve at �400�C and very late
Hopkinson peaks, e.g. at �650�C. e Faster (2 h) thermomagnetic
treating of similar but relatively less concentrated residues, in
KLY-4 s Pruhonice; Josefov-Barova-21 and Celechovice-25 are
compared. The relatively smoother shapes show one high peak on
the Jos–Bar gravitational concentrate which is centred at �525�C,
and other, in the Celech. sample, at �500�C. The values in cooling
curves are apparently higher than those in the heating trajectories. f
The magnetic behaviours of these residues with IRM acquisition
and subsequent AF demagnetization. It suggests that the behaviour
of the Jos–Bar first concentrate can be related to magnetites, whilst
the Celech. concentrate is indicative of greater concentrations of
hematites
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The diagenetic mobility of iron concentrations and
related changes in the structure of the stratigraphic MS
values can be seen along with major sedimentary cycle
boundaries, where leaching and the formation of
cementation zones affected the structure of primary
banding by impurities (Hladil et al. 2003b). These
superimposed diagenetic features related to major sea-
level falls are, however, not very common in this GRS–
MS section. It is much more typical for the shallowest
and slowly subsiding parts of the platforms. Conversely,
the processes of fast cementation, further decrease of
porosity with burial and chemical/isotope evolution in
closed systems (Hladil and Hladikova 2003) were rather
favourable for the preservation of Fe concentrations ‘‘in
situ’’, as they were originally embedded in these lime-
stones.

At last, it must be mentioned that these very fine
and complex impurities that are directly inducing the
stratigraphic MS variations in relatively pure varieties
of these limestones show a remarkably high correlation
between Fe and REE or several other lithophile ele-
ments (Fig. 7, and principally 8). Because of the fact
that such results in matrices of correlation values for
chemical elements were never found in sets of analyses
from the directly underlying or sporadically interca-
lated detrital sediments, we can legitimately speculate
about the possibility of additional, more distant,

somewhat averaged inputs of impurities that were quite
stable for millions of years and might, at least partly,
correspond to admixture of atmospherical particulate
matter.

Comparison of magnetic susceptibility and natural
gamma-ray signals

Basic similarities and particular differences

The overall correlation coefficient between the NGR
and MS variations in this section is 0.48 (compare the
0.5 m raw data; ESM1). The highest correlation exists
in the broad middle part of the section (Figs. 2, 3, 7)
where several thick intervals yield correlation coeffi-
cients that are close to �0.7. The correlation coeffi-
cients in upper Mokra parts of the section are the same
as the average, but the lowermost Celechovice part has
much lower coefficients which drop to zero or even
slightly negative correlation values. And we can infer
from this that the correlation is smaller than average
mainly on these places where signatures of various
detrital inputs were found. In general, the positive to
very good correlations prevail, although the positions
of NGR versus MS peaks in individual nodes of
anomalous values can be shifted up and down, and

Fig. 7 Gamma-ray and magnetic susceptibility fluctuations com-
pared with element ratios, total content of organic carbon and
excursions of C and O isotopes. Large segment from the middle
part of the section. K/Na and (K+Na)/Al have comparable shapes
and the excess potassium is occurring often (but not always) with
and before the major NGR and MS anomalies. It makes impossible
explanations based on riverine particulates, which are relatively
rich in Na, but opens also other problems related to this K excess
(see the text). The ratios of selected lithophile elements (Al, K, Zr,
Hf) to those which are more independently behaving (Sr, Ba, Br, V)

are indicative for any particulate inputs. However, the similarity
among these and other ratios drops dramatically in the very pure
carbonates above the Josefov-Barova-21 anomaly (upper part of
Lower varcus Z.). Most of the TOC variations are not driven by
changes in impurity concentrations and, below the above-men-
tioned anomaly, the highest TOC concentrations were found in the
purest limestone intervals of beds. And finally, the widenings and
narrowings between the C and O isotope variations correspond
rather to platform carbonate cycles than to different amounts of
impurities in limestones—compare the GRS (K, Th), on the left
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they often have different shapes and amplitudes
(Figs. 3, 4). Particularly the mutual relationships
among MS and three GRS quantities for K, U and Th
(Figs. 2, 4) are so diversified that it can be given for
studies on many primary and/or secondary influences
that are still poorly understood (perhaps with a small
exception for trifurcate pattern at cycle boundaries;
Hladil et al. 2003b).

The nature of this variation can be seen mainly in
syn- or post-depositional mobility of U and in much
lesser extent, but still visibly, for Th (see Fig. 8 for
correlation between these elements and Fe or K). In
this context, it must be mentioned that about 85% of
ICP-MS-detected U (and even more for Th) can be
released by nitric acid dissolution so that only minor
amounts of U and Th were stored there in
HF+HClO4-digested ‘‘compact’’ detrital phases. The
above-mentioned trifurcate patterns consist in partial
preservation of complex impurities at the original le-
vel, an increase in uranium and diagenetical biomag-
netite in a cementation zone below, and a specific
increase of U (and potentially also K with paramag-
netic micas, if recycled) at a flooding surface above the
cycle boundary. But exactly this type of strong early
diagenetic modifications contributes to GRS–MS pat-
terns in this section only with a few per cent, not
more, and there are hundreds of details that cannot be
explained so easily (Fig. 3). We shall also consider the
changes in primary compositions and provenance,
alterations during the transport, processes in the time
span from the settling to embedding as well as other
than the most ubiquitous forms of diagenetic altera-
tions. Anyway, this variation does not necessarily be

the case of chaos. Rather the opposite can be true,
and this combined record may reflect a complex of
surrounding conditions far better than any other
methods. Of course, the best evidence of this conten-
tion will be to compare the other GRS–MS platform
sections, when will be available.

High magnetic versus highly radioactive impurities

One approach that how to describe this sort of variation
is the use of NGR/MS ratio, i.e. differentiating between
the high magnetic but low radioactive (HM–LR) and
opposite (HR–LM) features of complex impurities in
limestones. According to detailed analyses of impurity
banding, the HM-LR impurities have the best correla-
tion with concentrations K, Hf, Lu, and also Fe (coef-
ficients about 0.5 and higher) and practically the same
can be demonstrated on large group of the lithophile
elements. Further, TOC, Ca (or opposite, the total
impurity content) and Br have nearly zero correlations
so that occurrences of very pure (light-coloured) or
blackish limestones seem nearly unimportant, and thus
the high K, Fe dominance (and from the middle part of
the section also Al) may be, in these limestones, indic-
ative of the inputs that have no direct relationships to
carbonate facies, seawater or pore water processes. A
substantial upper part of the section documents a ten-
dency to be turned towards the HM–LR side. However,
the lower part of the section shows visible HR–LM
trends (Fig. 3).

There actually exists a parameter which has a
capability to explain this very easy. And it is a slowly

Fig. 8 A correlation matrix of
selected elements that were
consistently determined in 45
samples from the broad middle
part of the section (INAA and
ICP-MS). The absolutely
highest correlation values link
K to Fe and Rb, with very high
correlation between them and
all REE. Remarkable is strong
0.95 correlation between Fe and
As, by Fe/As ratio �800. Still
high-correlation values link Fe
to five lithophile elements Th,
Cs, Y, Co and Al. It differs
from the data about closely
underlying and rarely
intercalated clastic sediments
with abundant goethite where
correlations for Fe and REE
are slight and Fe and As do not
correlate at all (Fe/As �2000).
The low-correlation values for
elements in the lower part of the
ordered matrix reflect their
complex pathways during
delivery, precipitation and
diagenesis
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decreasing content of stable heavy mineral grains
throughout the section (micrometric/nanometric zir-
cons or monazites), as it is given by successive atten-
uation of all proximal detrital inputs. The decrease of
zircon content with increased distance of a dust plume
from its source is generally known, because the long-
travelled dust plumes are severely depleted in zircon
due to gravitational sorting (Marx et al. 2005, in
press). There are also other factors that affect this: for
example, hematites (Fig. 6e) from shallow-water bac-
terial mats support the anomalous HM–LR shape
between 15 and 30 m in Celechovice, and the occur-
rences of magnetites in blackish coloured Kacak and
JOBA-21 m event-related beds elucidate the strong
HM features in these parts of the section (Fig. 2).
With the event-type spikes in MS curves, we must
consider also the gain of magnetites precipitated from
impact ejecta plumes, but the magnetites close to
above are likely detrital and diagenetic (see MS vari-
ations, above).

Other geochemical and isotope characteristics related
to fluxes of impurity precursors

Signatures of rare earth elements

In spite of the fact that a number of analysed limestone
samples have a strong and quite constant relationship
between the concentrations of Fe and REE (Fig. 8),
there are slight differences between particular REE dis-
tributions. The different shapes and inclinations of
normalized curves are mainly due to various depletion of
LREE, mainly on Ce. Very approximately this depletion
is relevant to time period and intensity of interaction of
fine particular matter with ambient aqueous environ-
ments (Fig. 9; Nozaki 2001). The samples for REE were
taken at the mid-section NGR–MS peak and low points
(N 45), and other analyses (N 20) are from the upper
and lower parts of the section. The basis of data which
gives reasons for comparison was completed by Nozaki

Fig. 9 The REE signatures of typical impurity fluxes in compar-
ison with the data from the analysed carbonate sequence (see the
text). a The majority of samples contain distributions which are
practically identical to those of the typical eolian input, i.e. close to
numerical value 1 in the normalized concentration values. b
Correlation of each sample with four possible input signatures,

ordered according to signature for seawater solutes. The clearly
eolian signatures correspond mostly to positive MS anomalies,
being exactly inverted to those of solutes. And the dominant
imprint of solutes, in accordance with expectation for this system, is
generally associated with the low-value intervals in MS curves
which have strong predominance of calcite
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(2001) who summarized the information about mean
recent REE fluxes to the ocean, giving also the outlines
to average remineralization, atmospheric, riverine and
seawater (solutes) impurity precursors. It is significant
that the atmospheric dust compositions are not very
different from that of the Post-Archean Average Shale
(PAAS), whereas the riverine clay input from distal
sources has been moderately depleted in LREE (from La
to Sm), and this depletion is even more enhanced for
sea-water solutes. Thus, the left side of a normalized
curve is more and more inclined and distant from the
PAAS-normalized horizontal. The overall remineraliza-
tion trend has just opposite effect that materials are of-
ten enriched in LREE and the left ended part of the
relevant curve pitches a little upwards (Fig. 9a). The
occurrence of phosphates may, for example, push up the
middle part of the curve.

Because of the fact that all the complex redistribu-
tions and fractionations during the processes of
embedding of very fine impurities into carbonate are
assessable only in rough terms, if ever, we took as a
base the real distribution field of REE as obtained
according to our analyses. As a next step we fitted the
above-mentioned quartet of templates (remineraliza-
tion, atmospheric, riverine and seawater) into this field.
An average difference between the possible impurity
precursors (from Nozaki 2001) and final state of
impurities embedded in limestone (our REE data) is
surprisingly close to the simplest approximation
� 1=

ffiffiffi

s
p

(s= mean seawater residence time for each
REE; Nozaki 2001); only the unstable Ce concentra-
tions are usually three times lower. Although we are
aware of the fact that this approach is no doubt an
excessive simplification (e.g. in comparison with com-
plex and often competing processes related to organic
matter, oxides, etc.; Leleyter et al. 1999), the basic
information that is necessary for discrimination of
various inputs seems to be involved.

The comparison of our REE data fields with the
theoretical template curves for different inputs suggests
that the prevailing amount of our limestone impurities
may correspond to atmospheric dust (the entire section;
Fig. 9a). In the Givetian part of the section, the corre-
lations between the REE of individual samples and
templates for the four types of inputs show that there is
also another strong correlation for seawater solutes
(Fig. 9b). The correlations for atmospheric and seawa-
ter templates are dominant (varying between �0.2 and
0.9, with a sum �0.7), whereas the relationships to
riverine and remineralization patterns are slight. If the
correlation values are compared with the NGR–MS
curves, it is evident that the impurities related to sea-
water solutes are mostly in the broad lows in these
curves (= purest limestone), whereas those related to
atmospheric dust mark the peaks (Gersl and Hladil
2004b). This fact can be explained by increased input of
this dust in combination with more intense and direct
embedding of this particulate matter in carbonates of
intertidal mudflats.

Relative excess of potassium

An interesting feature of geochemical composition,
based on sample analytical data, is an equal predomi-
nance of Fe, K and Al, each of these elements
�0.1 wt%. However, this K/Al �1.0 is much higher
than normal values for the dust and riverine inputs with
silt and clay that typically ranges between �0.3 and �0.6
(e.g. Turekian and Wedepohl 1961; France-Lanord and
Derry 1997; Wehausen and Brumsack 1999—cf. also K/
Al for the upper Earth crust �0.3, white mica �0.48 or
illite �0.67). The excess of K was found in the Devonian
limestones of Moravian Karst many years ago (J. Jarka,
unpublished), but this fact was not fully appreciated.
These excessive concentrations are even stronger with
thick impurities (high NGR–MS values), and it is linked
also to increased K/Na ratio (�20, max 85). The K/Al
values ‡0.8 are usually linked to euxinic basins, but the
Devonian, especially U. Devonian examples from lime-
stones are more common than in other systems (e.g. Fan
et al. 2004; Tribovillard et al. 2004).

There are several mechanisms potentially involved in
the formation of these ‘‘hyper-potassic’’ complex impu-
rities. (1) The first mechanism consists in eustatic fluctu-
ations where, during the sea-level low stands, the largest
amounts of dust were deposited on the shallowest plat-
form surfaces. Under these conditions, long recycling of
material may be considered as a possible cause (washing,
colloidization, bacterial mats, moistening /desiccation,
crystallization, K-enrichment mediated by phosphates,
etc.). (2) The second possibility is that ofmassive airborne
dust falling in water, causing certain fertilization and
oxygen depletion, started release of reactive K, Si which
could be microbially bioprecipitated. Together with the
long-term interaction with sea-water itself it can probably
explain the origin of K-rich suspensions, although it was
documented in different ocean surface situations, e.g. in
outlying areas of big river deltas (Sholkovitz and Price
1980; Michalopoulos and Aller 2004). (3) Other possi-
bility is that Middle Devonian dried basins with evap-
orites provided more K, Mg, carnallite-sylvite-kainite
that was assembled in Fe-rich clayey microparticles and
transported with the dust plumes, e.g. Prairie Formation
W Canada (Horita et al. 2002). This is a very plausible
explanation. (4) Last, but not the least, we must mention
the common process of formation of K-rich clays with
increased depth of burial (e.g. Sayles and Mangelsdorf
1977). However, the factual variations of these processes
and their effects on limestones of this platform are still
unknown and need further studies.

The mineralogical aspects of K excess were solved by
means of X-ray mapping, EMP and PIXE sections. A
relative excess of K was found in micrometric locations
of the calcite–quartz–illite/mica networks, in small 1–
5 lm psilomelane spots (Mn:Ba �2:1), and relevant
points seem to be finely dispersed in microsparitic cal-
cites around. In spite of this scatter, there still remains a
close linkage of K to Fe (and the compact group of
lithophile elements; Fig. 8). The elements weakly corre-
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lating to this group are early and late carbonate builders
Sr and Mg (�0.1) but also biophile Cd (�0.0) and V (�
�0.1). Several couples have negative correlations: e.g.
Mg–Sr (�0.51), Al–Sr (�0.21), U–Mg, Y–V (�0.17),
and also Be–Sr (�0.15). The ratios like those for Hf/V,
K/Ba or Al/Sr show dynamic relationships among typ-
ical impurity-related elements and those of very different
affinities. These independent variations of elements like
Ba, Mg and V give constraints on different local aspects
of environment or diagenesis (anoxia, evaporation or
organic matter).

Carbon and oxygen isotopes

The fluctuation of C and O isotope (carbonate) values
in this section has complex control that corresponds
rather to local sea-level fluctuations and facies structure
than directly to amounts of impurities in limestones.
The upper beds of Givetian cycles have slightly en-
hanced concentrations of 13C (positive shift in d-values)
versus reduced 18O (negative shift). This feature (Fig. 7;
right) has already been described on materials collected
from the entire Moravian Karst as the so-called
‘‘mushroom-on-mushroom cycle-related pattern of
platform limestones’’ (Hladil and Hladikova 2000).
Formulation of relevant hypothesis is relatively easy
because the gradually emerging reef bank was more
and more affected by growing and dying algae and
bacteria, and the thinnest layers of water had to have
the highest temperatures and when they were emerged
for some time they had also to be exposed to rainwater
(vadose silts, tiny skeletal and microgeode-like quartz
formations, etc.).

Anomalous detrital and impact-related admixtures

Among other accessories, two assemblages of mineral
microparticles are present: the first consists detrital
quartz, micas and feldspars, ‘‘fresh’’ rutiles and tita-
nites+rutiles (2–6 lm) so that it corresponds to
extensive and deep early Paleozoic denudation of
Neoproterozoic granitoids in neighbourhood (Finger
et al. 2000) and similarly also worldwide (e.g. Liegeois
et al. 2003). The second is characterized by very exotic
unweathered minerals (such as 8–16 lm elongated
chips of +/- dozyite-like compositions with Mg:Si:Al �
19:13:6, no Fe; or very enigmatic Zr, Si-rich �2–6 lm
objects of icosahedron crystal shapes). The latter ico-
sahedral shapes (Fig. 5b) are very rare in inorganic
world and may require extremely high pressures, high
temperatures and vapour conditions (e.g. artificial
diamonds—Mani and Sunkara 2003). The Josefov-
Barova-21 anomaly has also more than 10· higher
concentrations of Sc, Ni and Cr, in comparison with
the background values. Also the very pronounced
spikes in NGR–MS are indicative of possible impact
(Figs. 2, 3).

Possible significance of the section for interregional
high-resolution stratigraphic correlation

Principles and current experience

The combination of four logs (MS and GRS for K, U
and Th) made on relatively continuously aggraded suc-
cessions of carbonate-platform strata seems to have
interestingly non-random characteristics (Gersl and
Hladil 2004a) which have currently proved to be effec-
tive in high-resolution regional stratigraphic correlations
of the Middle Frasnian sections bridging the distances of
several hundreds of kilometres among Brno, Hranice
and Kielce. It is surely interesting that only a few of the
complex impurity bands or peaks in the entire section
can display similar or identical structures. The singu-
larity of these stratigraphical segments is an important
feature which is not limited only to one basin. If the
different GRS–MS segments are developed imperfectly
or with damage by local hiatuses, then the succession of
underlying and overlying patterns can help with the
determination. It is true, of course, unless the bias from
local sedimentary conditions is not very high. The size of
the characteristic windows that can be successfully cor-
related is usually equal to +/- 1 conodont zone. A
necessary precondition is to have solid biostratigraphical
markers (Crick et al. 1994; 2001; 2002), but the GRS–
MS logging usually leads to better specification of cor-
relation levels than the biostratigraphy, and the resolu-
tion greatly increases, usually ·10 to ·1000. It depends
on the quality of the sections and distances among them.

The rhythms and quantities of impurity banding have
usually greater-than-local consequences. It is easy
demonstrable on the basis of lithological columns or
outcrop photographs of Amphipora limestones (e.g.
Zukalova 1971; Gersl and Hladil 2004a) that the GRS–
MS-detected changes in amounts and quality of radio-
active and magnetic impurities show modest relation-
ships to facies and bedding characteristics of these
limestones. We can find a different succession of strata
(e.g. in the above-mentioned area near the town of
Hranice, NE Moravia), but the stratigraphic GRS–MS
structure is nearly identical to this basic section. Of
course, the most general imprints of eustatic cyclicity
and stratigraphic facies structure are inherited there and
must be considered for the major characteristics (e.g.
based on MS; da Silva and Boulvain 2005).

The nearly symmetrical NGR–MS intervals (at 130,
213 or 247 m, for example; see Figs. 2, 3) are compa-
rable to Poisson-shape records of strong cyclic changes
that are believed to result from flux of impurities (Sch-
warzacher 2000). The other situation, which is the
opposite extreme to such completely recorded ideal cy-
cles, is that of the abruptly inserted spikes with gradual
decreasing above (at 257 m, for example). It was docu-
mented at the upper boundaries of shallowing-upward
cycles (Pawellek and Aigner 2003), and such examples
are not rare in well logs from any carbonate platform/
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ramp systems. It corresponds to a combination of
impurity flux and rate of carbonate accumulation (e.g.
based on MS; Ellwood et al. 2000).

ThemajorNGR–MS intensity fluctuations (Figs. 2, 3)
occurred with the post-Kacak instabilities in environ-
mental conditions (� lowermost part of Lower varcus
Zone) and to a lesser extent the Josefov-Barova-21 (at
90 m mark; � upper part of this zone). Higher in the
section, the Lower–Middle Frasnian segment is preceded
and ended by apparent nodes with high-oscillation
amplitudes, which are the disparilis–falsiovalis? interval
of terminating Givetian and the Upper hassi regressional
interval of the late mid-Frasnian, respectively (at �180
and 235 m marks). The relatively wild GRS–MS struc-
ture in Upp. Frasnian was probably caused by the ‘‘pre-
crisis stepwise collapses’’ of main calcium-carbonate
producers (Walliser et al. 1988; Schindler 1990) that led to
increased variability in accumulation rates, recycling of
the sediment, quality of surfaces embedding the impuri-
ties and many other related parameters (Copper 2001).

Perspectives of the GRS–MS correlation

There are practically no current examples of interre-
gional GRS–MS correlations in platform limestones
(with exception for unpublished materials on correla-
tions among Czechia, Poland and Belgium—J.H.), al-
though MS-stratigraphy shows the existence of plausible
examples where very distant areas of the world were
successfully correlated (e.g. Crick et al. 1997; Hladil
et al. 2002; Ellwood et al. 2003). For example, an ex-
treme lowering of MS in kockelianus-ensensis interval

(Atrous MS Zone) was broadly correlated from peri-
Gondwanan basins of Morocco, South France and
Barrandian to peri-Laurussian (Rhenish) Moravia
(Celechovice). And it is obvious that successions of
strata and facies are very different in each of these sep-
arate basins. However, the possible perspectives to de-
velop this sort of correlations can even be derived from
the juxtaposition of the MS sections from different
distant places of the world (Ellwood et al. 2004; Fig. 10
herein).

As an end note to these paragraphs about strati-
graphic correlations, we would like to briefly mention
one specific matter about major geo-events. The normal
mode of sedimentation in carbonate sedimentary sys-
tems on platforms and adjacent ocean slopes is when the
high MS values are synchronized with large-scale sea-
level lowstands (e.g. Ellwood et al. 2000). But the events
of Chotec, Kacak or Upper Kellwasser magnitudes have
settings that are completely inverse to this commonly
accepted principle. Although the NGR–MS increase
with close post-event floodings seems to be realizable
(these beds are often blackish-grey), mainly the pre-
event association of sea-level fall and attenuation of
impurities in limestones (e.g. Hladil et al. 2000) is not
fully understood yet.

Discussion

Climatic conditions

The climate change impact on impurities and their
GRS–MS characteristics is surely worthy of discussion.

Fig. 10 Possible juxtaposition of MS sections from different basins
and areas of the world; collection of segments normalized to local
average values—no scale for variation. The mid-Givetian and
Kacak segments of the Moravian Karst section (carbonate
platform) and French and Moroccan sections (slope to pelagic

systems) are compared according to the succession of tentative
patterns that are assigned to segments of the sections (connected by
grey and white stripes). The digital shape data from latter sections
were kindly provided by B.B. Ellwood (numbers and names of MS
zones—Hladil et al. 2002; Ellwood et al. 2004)
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The evolution of Devonian climates was recently re-
viewed and assessed by several authors (e.g. Streel et al.
2000; Copper and Scotese 2003; Royer et al. 2004), and
the conclusions drawn from them suggest that the an
extreme warming of Earth’s surface culminated during
the Givetian (to Frasnian?), when the global average
temperatures increased up to +26 ± 4 �C (vs. today’s
�15 �C), the high sea-level stands caused that marine
flooding extended far over the continental lowlands, and
all this with extremely high CO2 atmospheric concen-
trations of �0.4 wt% (vs. today’s �0.037 wt%). The
Givetian land plant spores reached their maximum
taxonomic diversity of all Devonian times, and also
small islands in NE Moravia were likely covered by this
vegetation (Purkynova et al. 2004). The high level of
humidity has many evidences (e.g. pedogenic carbon-
ates—Williams and Krause 1998; meteoric pendant
cements—Hladil 1994; river deltas and vertisols in
foothill catchments—Woodrow 1985), but it must be
considered in conjunction with the evidences of evapo-
ritic plains, semi-arid deserts and continental redbeds
worldwide (Scotese 2005).

Extension of these aridic conditions repeatedly af-
fected the platform on Brunnia during the period after
the Middle Givetian and before Upper Frasnian (e.g.
increased eolian input between the �165 and 235 m
marks of the section). The reversal of overall sea-level
rise took place not earlier than with the Upper hassi Z.
It was linked to the lowering of average temperatures
and reduced plant diversity (as early as during Late
Frasnian; Streel et al. 2000). The Late Frasnian in-
crease in humidity culminated in the formation of coal
rainforests in Arctic Canada and S China (Scotese
2005). The Famennian concentrations of CO2 were al-
ready decreased by a factor of 10. Also in Moravia, the
Upper Frasnian limestones above the �235 m mark
yielded rare but undoubted riverine detrital particles
and rarely also ferriferous ooids (Hladil 2002).
According to rough image of global climatic changes
together with fragmentary evidence from the section
(Fig. 2), we can be quite sure that moderately rising
Th/U values can be considered as solid indicators of
certain, albeit limited, riverine detrital inputs on a
platform mostly surrounded by ocean sea ways. Gen-
eralizing further, we can roughly assume that the Gi-
vetian conditions on continents were affected by a
combination of hot evaporitic plains and expanding
vegetation covers so that detrital sources were partly
covered, and the Early–Middle Frasnian was a period
of more uniform and oxidic climates with extension of
river plains and unconsolidated surfaces. Such an
approximation may be considered in order to support
an explanation of the Frasnian HM features (Fig. 3,
right).

And finally, here is a short note about cyclostrati-
graphic analyses because many attempts were made to
trace Milankovitch cycles in Devonian (e.g. House 1995;
Olsen 1990; Cotter 2000; Crick et al. 2001). Funda-
mentally, the correct analyses need uninterrupted linear

time series (even though wavelet analysis can slightly
reduce this requirement; Prokoph and Barthelmes 1996).
But irregularities in rates of accretion, hiatuses and
differential compaction of rocks are always critical
(Westphal and Boehm 2004). Also the principles how
these orbital forcing mechanisms could control sea-level
fluctuations in hot mid-Devonian (basically without any
glaciers) are problematic, especially if compared with
large magnitudes of tectono-eustatic pulses (e.g. Racki
1998).

Significance of atmospheric dust deposition

The all varieties of atmospheric dust and aerosol with
that part which was drowned or dissolved in seawater
compose a significant part of deposition flux on the
Earth (Mahowald et al. 1999; Derbyshire 2003). The
deposition of this atmospheric dust is best recognizable
when this material cumulates in areas of overall sedi-
mentary starvation or is embedded in relatively ‘‘inde-
pendently’’ accumulated media (ice or pure carbonates,
for example). The impurity systems of reef banks can, of
course, record also distant effects of riverine sediment-
rich flood plumes (e.g. Ba uptake by corals on the Great
Barrier Reef; Alibert et al. 2003; McGulloch et al. 2003)
or proximal input of detrital clays (e.g. M. Devonian of
Ardennes; Chamley et al. 1997). Embedding of the
beach, riverine and recycled particles are generally pos-
sible elsewhere along with deposition of non-marine/
marine clastic wedges (mixed siliciclastic-carbonate
sediments). However, the riverine inputs on ocean reef
banks are slight. It is because of the fact that grains
larger than �5 lm are easy falling down and also the
smaller particles are mostly soon removed from the
upper ocean layer by biogenic particles (Honjo 1982).

In the most recent conditions, there are well-known
examples of embedding of long-transported dust into the
platform limestones—e.g. the case of African dust settled
on Bermuda or Bahama islands. The magnitude of
atmospheric flux is usually exemplified by the North
American continent which has three times higher annual
deposition than the emission (Ginoux et al. 2004). The
calculations based on recent reviews about deposition of
eolian dust and aerosols (Bory et al. 2002; Harrison et al.
2001; Mahowald et al. 1999; Tegen and Fung 1995; Duce
and Tindale 1991) suggest that open ocean carbonate
platforms influenced by interregional dust plumes may
have a great supply of these eolian deposits, which fluc-
tuates in long-term averages from 1.5·10–10 to
1.5·10�9 kg m�2 s�1 (= �5–50 tons per square metre
and million of years). Even if we reduce these amounts by
50–75%, according to possible washing and dissolution,
it is still a significant concentration of impurity in lime-
stone that ranges between 2.5 and 25 wt% in case a 20 m/
Ma average rate of carbonate accumulation (Hladil et al.
2003a). These quantities warn us that these eolian inputs
in shallow-water reef banks may be of equal, if not
greater importance than the normal detrital inputs.
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Conclusions

The shallowest pure carbonate environments on the
ocean-fringed and continuously subsiding/accreting
carbonate platform, with large distance from the river
mouths (clastic wedges none or much reduced), offer an
excellent opportunity to analyse the impurity fluxes
that can be significantly, although not exclusively, re-
lated to atmospheric dust. The composite section in the
Devonian, mid-Eifelian to end-Frasnian limestones of
Moravian Karst contains the non-carbonate complex
impurities which comprise mainly the very fine partic-
ulate smectite–illite(mica) material that is combined
with significant amounts iron oxides (mostly goethite,
hematite). These impurities contain the REE charac-
teristics that are significantly associated with interre-
gional eolian inputs. There is also a high
preponderance of U over Th. Because of the fact that
this feature is practically unrelated to possible euxinic
conditions, it gives further evidence to the debate about
predominant eolian input characteristics. These
assumptions about increased proportion of atmo-
spheric dust deposits embedded in limestones may ex-
plain the long distance MS (and GRS–MS)
stratigraphic correlations that bridge various basins
and carbonate facies. The principal contribution of this
paper is the presentation of the GRS–MS data from a
long-composed section that can further serve as the
basis for high-resolution stratigraphic correlation.

ESM1

Electronic Supplementary Material 1, background
dataset on-line: Hladil-ESM1.xls. The Middle Eifelian to
Upper Frasnian composite Section of the Moravian
Karst, Czech Republic. Natural gamma-ray (NGR and
GRS) and magnetic susceptibility (MS) values of plat-
form limestones: spreadsheets with numerical ‘‘raw’’
data, with spacing 0.5 m.
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